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Introduction: 

Pulmonary  arterial  hypertension  (PAH),  high  blood  pressure  within  the  lung,  is  a 
progressive  disease  which  is  characterized  by  an  increase  in  pulmonary  arterial 
pressure  and  the  formation  of  muscle  around  normally  non-muscular  small  pulmonary 
arteries.  Without  treatment,  PAH  progresses  rapidly  to  right  heart  failure  and  death.  The 
mechanism(s)  sensing  the  initiating  event  and  transducing  this  signal  into  changes  in 
protein  expression  to  alter  pulmonary  physiology  are  unclear.  The  role  S-nitrosothiols 
(SNO)  play  in  the  development  of  PAH  is  examined  in  this  research  project.  In  the 
pulmonary  circulation,  erythrocytes  deliver  SNOs  to  recipient  target  proteins  on  the 
surface  of  the  endothelium  as  a  function  of  oxygen  saturation.  In  this  context, 
erythrocytes  can  act  as  a  molecular  switch,  monitoring  changes  in  oxygen  saturation  to 
deliver  SNOs  to  the  vascular  endothelium.  We  have  developed  a  model  in  which  N- 
acetyl  cysteine  (NAC)  is  used  as  a  tracer  to  1)  monitor  SNO  formation,  transfer  and 
metabolism  in  vivo,  2)  address  the  physiological  and  pathological  consequences  of 
SNO  signaling  in  the  pulmonary  vasculature,  and  3)  identify  SNO  target  proteins  in  this 
signaling  pathway.  Differences  in  SNO  formation,  transfer  and  metabolism  and  the  role 
this  pathway  plays  in  gender  specific  differences  associated  with  the  development  of 
PAH  are  examined.  Studies  for  this  award  were  focused  on  1)  defining  the 
physiological  pulmonary  responses  of  S-nitrosothiols  male  and  female  mice  using  our 
NAC  model;  2)  analyzing  the  physiological  responses  to  S-nitrosothiols  using  mice 
deficient  and  null  for  endothelial  nitric  oxide  synthase  (eNOS)  and  S-nitrosoglutathione 
reductase  (GSNOR),  proteins  known  to  be  involved  in  the  formation  and  metabolism  of 
S-nitrosothiols  and  3)  identifying  proteins  and  protein/protein  interactions  in  the 
endothelium  that  are  involved  in  this  pathway. 

Body: 

Specific  Aim  1:  Aberrant  formation/Transfer  and/or  delivery  of  S-nitrosothiols 
(SNOs)  lead  to  the  development  of  Pulmonary  Hypertension. 

Dysregulated  S-nitrosothiol  (SNO)  signaling  contributes  to  a  wide  range  of  human 
pathologies  including  those  within  the  cardiovascular,  pulmonary,  musculoskeletal,  and 
neurological  systems.1  The  majority  of  published  work  focuses  on  the  formation  and 
identification  of  specific  protein  SNOs  and  the  impact  of  these  modified  proteins  on 
disease  development.  PAH  is  a  life  threatening  condition  that  remains  poorly 
understood  and  is  difficult  to  treat.  The  mechanisms  that  control  pulmonary  vascular 
tone  and  resistance  are  central  to  the  pathology  of  PAH.  NO  bioactivity,  mediated 
through  the  formation  of  SNOs,  has  a  significant  influence  on  vascular  tone2'4.  In  health, 
these  interactions  are  involved  in  maintaining  low  pulmonary  vascular  resistance  and 
effective  ventilation/perfusion  matching3.  The  potential  role  of  SNOs  in  the  development 
of  PAH  has  not  been  extensively  studied.  Deficiencies  in  S-nitroso-hemoglobin  (SNO- 
Hb)  levels  has  been  reported  in  red  blood  cells  (RBCs)  from  hypoxemic  female  patients 
with  moderate  to  severe  PAH5.  Arterial  SNO-Hb  and  Hb-bound  NO  levels  were  reduced 
compared  to  normoxic  controls5.  This  defect  is  due  to  an  impaired  02-induced  exchange 
of  NO  between  the  heme  and  the  cysteine  thiol5.  In  addition,  studies  performed  in  the 
monocrotaline  rat  model  of  PAH  and  monocrotaline  pyrrole  treated  endothelial  cells  has 
suggested  that  disrupted  intracellular  membrane  trafficking  contributes  to  the 
development  of  PAH6'8  This  is  associated  with  a  dramatic  decrease  in  the  S- 
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nitrosylation  of  N-ethylmaleimide-sensitive  factor  (NSF),  eNOS,  caveolin-1  and  clathrin 
heavy  chain6  Taken  together,  these  results  suggest  that  aberrant  SNO  bioavailability 
leads  to  the  development  of  PAH. 

In  the  first  year  of  this  award,  we  published  a  paper  examining  the  role  of  S-nitrosothiols 
in  the  development  of  pulmonary  hypertension  using  N-acetyl  cysteine  to  monitor  S- 
nitrosothiol  transfer  reactions.  (Appendix;  Manuscript  1 ). 

Task  1:  Characterize  SNO  formation/transfer/metabolism  in  vivo  and  in  vitro  in 
male  animals  following  chronic  N-acetyl  cysteine  (  NAC)  administration. 

Nitric  oxide  (NO)  transfer  reactions  between  protein  and  peptide  cysteine  residues  have 
been  proposed  to  represent  a  regulated  signaling  process.  To  measure  NO  transfer 
reaction  in  the  blood  as  well  as  study  the  vascular  effects  of  these  reactions  in  vivo,  the 
antioxidant  N-acetyl  cysteine  (NAC)  was  used  as  a  bait  reactant.  Measurement  of  the 
ratio  of  total  red  blood  cell  S-nitrosothiol  concentration  of  hemoglobin  (Hg)  in  NAC- 
treated  mice  was  lower  than  seen  in  untreated  animals.  (Appendix;  Manuscript  1,  Figure 
3A).  NAC  was  found  to  be  converted  to  S-nitroso-N-acetyl  cysteine  (SNOAC)  in  blood 
both  in  vivo  and  ex  vivo  (Appendix;  Manuscript  1 ,  Figure  3B).  Deoxygenation  of  human 
blood  in  the  presence  of  NAC  resulted  in  (1)  the  loss  of  SNO  red  blood  cell  content  and 
(2)  formation  of  SNOAC  (Appendix;  Manuscript  1,  Figure  3C)  The  concentration  of 
SNOAC  increased  as  the  fraction  of  oxygenated  Hb  decreased  in  the  intact  erythrocytes 
ex  vivo.  (Appendix  Manuscript  1,  Figure  3D).  These  findings  are  consistent  with  the 
idea  that  red  blood  cell  SNO  content  is,  in  part,  dependent  on  oxyhemoglobin  saturation 
and  thiols  can  accelerate  the  desaturation-induced  loss  of  red  blood  SNO  content. 

Task  2.  Identify  the  pathophysiological  changes  caused  by  NAC/SNOAC 
treatment  in  the  pulmonary  vasculature  in  vivo.  Chronic  systemic  treatment  of  high 
dose  NAC  in  male  mice  for  three  weeks  resulted  in  the  development  of  pulmonary 
hypertension  (Appendix;  Manuscript  1,  Figure  1).  This  was  characterized  by  an 
increase  in  right  ventricular  weight,  an  increase  in  right  ventricular  pressure  and 
muscularization  of  small  pulmonary  arterioles.  Changes  in  right  ventricular  weight,  right 
ventricular  pressure  and  muscularization  were  indistinguishable  from  that  obtained  by 
exposure  to  hypoxia  (10%  O2,  normobaric  hypoxia).  Increases  in  right  ventricular 
pressure  were  seen  within  1  week  of  NAC  exposure,  and  persisted  during  weeks  2  and 
3.  Changes  in  right  ventricular  weight  occurred  more  slowly,  with  significant  increase 
only  seen  at  3  weeks.  The  responses  were  also  dose  dependent.  Low  dose  NAC  (1 
mg/ml)  increased  right  ventricular  pressure  at  three  weeks,  but  no  changes  in  right 
ventricular  weight  were  seen  within  this  time  period. 

Task  3.  Identify  significant  components  of  the  S-nitrosothiol  signaling  pathway 
Identification  of  proteins  involved  in  S-nitrosothiol  signaling  in  the  pulmonary 
vasculature.  S-nitrosylation  of  proteins  and  peptides  is  a  regulated  process.  Protein 
modification  by  S-nitrosylation  often  results  in  a  change  in  protein  function.  eNOS  has 
been  shown  to  be  an  S-nitrosylated  protein9,10.  In  the  S-nitrosylated  form,  eNOS  is 
inactive9.  In  addition,  we  have  shown  that  GSNOR  is  S-nitrosylated  (Appendix; 
Manuscript  2,  Figure  ID).  In  contrast  to  eNOS,  GSNOR  activity  is  increased  in  the  S- 
nitrosylated  form  (Appendix;  Manuscript  2,  Figure  2).  Since  activation  of  nitric  oxide 
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synthase  isoforms  is  associated  with  the  formation  of  S-nitrosothiols11,12,  we  evaluated 
whether  a  relationship  existed  between  these  two  proteins  in  endothelial  cells.  This 
relationship  was  explored  in  vitro  using  a  static  cell  culture  of  primary  mouse  lung 
endothelial  cells  (MLECs). 

GSNOR  coimmunoprecipitates  with  eNOS  (Figure  1).  Under  untreated  conditions  in 
murine  pulmonary  endothelial  cells  (MPEC),  endothelial  nitric  oxide  synthase  (eNOS)  is 
associated  with  GSNOR  and  caveolin-1,  a  protein  involved  in  the  regulation  of  eNOS 
activity.  However,  exogenous  administration  of  SNO  (SNOAC  or  GSNO)  reduces 
eNOS/GSNO-R  interaction  and  reduces  or  eliminates  its  association  with  caveolin-1 

Figure  1.  GSNO-R  and  Caveolin-1 
immunoprecipitate  with  eNOS.  Mouse 
lung  endothelial  cells  were  treated  with  50|jM 
NAC,  IpM  SNOAC  or  lOOpM  GSNO  or  were 
untreated  (C)  for  a  period  of  4  hours.  Whole 
cell  homogenates  were  immunoprecipitated 
with  antibody  against  eNOS.  Western  blot 
analysis  was  performed  using  eNOS,  GSNO- 
R  and  caveolin-1  antibodies.  GSNO-R 
immunoprecipitates  with  eNOS.  This 
interaction  is  reduced  by  SNOAC  and  GSNO. 
The  association  with  caveolin-1  is  reduced  or 
eliminated  with  SNOAC  and  GSNO 
respectively. 

Overexpression  of  GSNOR  in  MLECs  reduces  eNOS  activity  (Figure  2).  The  activation 
of  eNOS  is  associated  with  phosphorylation  of  serine  1177  (peNOS  1177)13,14. 
Introduction  of  GSNO-R  into  mouse  pulmonary  endothelial  cells  by  transient 
transfections  results  in  a  dramatic  loss  of  eNOS  phosphorylation  at  serine  1177, 
suggesting  that  GSNOR  influences  the  activity  of  eNOS. 

GSNO-R  -  -  +  + 


v1  'aui 1  /■ 


SNOAC  NAC  GSNO 


eNOS 


GSNO-R 


Caveolin  1 


peNOS,  1177 


eNOS 


Figure  2.  Overexpression  of  GSNO-R  reduces  eNOS  phosphorylation  at  serine 
1177.  MLECs  were  transfected  with  GSNO-R.  Whole  cell  lysates  from  transfected  cells 
were  subjected  to  Western  blot  analysis  using  antibodies  against  phosphorylated  eNOS 
(peNOS,  residue  1177)  and  total  eNOS.  Overexpression  of  GSNO-R  significantly 
reduced  peNOS  expression.  eNOS  expression  was  also  reduced  but  not  to  the  same 
extent 

The  ability  of  these  two  proteins,  eNOS  and  GSNO-R,  to  interact,  either  directly  or 
indirectly,  is  a  novel  observation.  In  addition  it  appears  that  GSNOR  may  affect  the 
activation  of  eNOS.  The  mechanism  by  which  GSNOR  modulates  the  activity  is 
currently  unknown.  However,  efficient  production  of  NO  is  determined  by  the  subcellular 
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location  of  eNOS  with  activity  highest  in  the  plasma  membrane,15'18  lower  in  golgi17  and 
lowest  in  nucleus  and  mitochondrial  matrix.19  Thus,  one  possibility  is  that  this 
association  is  linked  to  to  subcellular  location  of  these  proteins.  In  fact,  formation  of 
SNOs  is  linked  to  local  NO  production.20  One  examples  can  be  seen  with 
myristoylation-deficient  eNOS  (cytosol)  which  is  hypo-S-nitrosylated  compared  to  wild 
type  eNOS.9 

To  determine  the  location  of  the  interaction  between  eNOS  and  GSNO-R  in  cell  lysates 
of  MPECs,  a  5-30%  discontinuous  sucrose  gradient  was  used21  (Figure  3).  GSNO-R 
was  found  to  co-migrate  with  the  golgi  marker  POOP  (fractions  9-12)  and  was  not 
present  in  the  caveolar  enriched  fraction  (fraction  3-5)  suggesting  that  the  interaction 
between  eNOS  and  GSNO-R  is  not  in  the  caveolae  in  cultured  cells. 

Fraction 
eNOS 

FLAG- 
GSNOR 

p-COP 


Figure  3.  GSNO-R  comigrates  with  the  golgi  marker  PCOP.  Male  MLEC  were 
transfected  with  FLAG-tagged  GSNO-R.  Cell  lysates  were  separated  on  a  5-30% 
discontinuous  sucrose  gradient21  to  separate  caveolar  enriched  membrane  fractions 
from  golgi  fractions.  30pl  of  each  fraction  were  separated  on  a  12%  SDS  PAGE  and 
probed  for  eNOS,  FLAG  and  pCOP(golgi  protein  marker)  and  Cav-1  (not  shown). 
FLAG-GSNO-R  co  localized  with  POOP. 

Confocal  microscopy  was  also  used  to  identify  the  location  of  eNOS  and  GSNOR  in 
intact  MPECs  (Figure  3).  In  subconfluent  cells,  GSNO-R  expression  is  most  prominent 
in  the  nucleus,  but  is  also  present  in  the  perinuclear  area  and  in  punctuate  regions 
within  the  cytoplasm.  eNOS  was  primarily  located  in  the  perinuclear  region. 
Colocalization  of  eNOS  and  GSNO-R  was  seen  in  the  perinuclear  regions  and  in 
punctate  regions  in  the  cytosol. 


Background  Untreated 


Green  eNOS  :  GSNO-R 
Yellow:eNOS/GSNO-R  colocalization 
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Figure  4.  GSNO-R  and  eNOS  colocalize  to  the  perinuclear  region  in  endothelial 
cells.  MLECs  were  grown  on  coverslips,  fixed  in  3.7%  formaldehyde  and  eNOS  and 
GSNO-R  expression  visualized  by  immunofluorence  using  Alexa  Fluor  488  chicken  anti 
mouse  and  Alexa  fluor  568  goat  anti-rabbit  secondary  antibodies  respectively.  eNOS 
was  found  primarily  in  the  perinuclear  region.  GSNO-R  was  found  in  the  nucleus  and  in 
punctuate  regions  throughout  the  cytoplasm.  eNOS  and  GSNO-R  appear  to  colocalize 
in  the  perinuclear  region.  Images  collected  using  Zeiss510  META/NLO;  63X  NA1.4  Oil 
lens;  Multi-tract  was  used  to  avoid  the  fluorescence  cross  talk. 

Although  we  have  discovered  a  unique  interaction  between  eNOS  and  GSNOR  and 
believe  that  each  of  these  proteins  influences  the  activity  of  the  other,  their  role  in  the 
development  of  diseases,  such  as  pulmonary  hypertension  is  not  known. 

Role  of  S-nitrosylation  in  communication  between  endothelium  and  smooth  muscle. 
Communication  is  essential  for  endothelial  control  of  smooth  muscle  cell  constriction, 
however  the  mechanism  by  which  this  occurs  is  not  known.  Nitric  oxide  and  gap 
junctions  have  been  shown  to  regulate  heterocellular  communication  in  the  vessel  wall. 
The  myoendothelial  junction  (MEJ)  is  an  anatomic  structure  that  facilitates 
communication  between  endothelial  cells  and  vascular  smooth  muscle  within  resistance 
arteries.  Gap  junctions  at  the  MEJ  provide  a  conduit  for  communication  between 
endothelium  and  smooth  muscle.  Gap  junctions  are  intracellular  signaling  channels 
made  up  of  connexins.  Of  the  4  connexins  identified,  connexin  43  (Cx43)  has  been 
shown  to  proposed  to  play  an  important  role  at  the  myoendothelial  junction22.  Connexin 
43  has  been  found  to  be  constitutively  S-nitrosylated  at  cysteine  271  in  the  MEJ 
(Appendix;  Manuscript  3,  Figure  3).  This  appears  to  be  due  to  the  presence  of 
activated  eNOS  in  the  MEJ  (Appendix/  Manuscript  3,  Figure  2).  Moreover,  S- 
nitrosylation  of  Cx43  on  cysteine  271  regulates  gap  junction  communication.  (Appendix; 
Manuscript  3,  Figure  1).  However,  Cx  43  is  rapidly  denitrosylated  at  the  myoendothelial 
junction  upon  phenylepherine  stimulation  (Appendix;  Manuscript  3,  Figure  4). 
Denitrosylation  of  Cx  43  at  the  myoendothelial  junction  is  dependent  on  GSNOR 
(Appendix;  Manuscript  3,  Figure  5).  Together,  these  data  define  a  posttranslational 
mechanism  by  which  endothelial  cells  and  smooth  muscle  cells  use  to  regulate 
heterocellular  communication.  Although  these  studies  were  performed  on  resistance 
arteries,  muscularization  of  small  arterioles  increases  in  hypoxia-  and  NAC-  induced 
pulmonary  hypertension.  It  is  not  known  whether  these  muscularized  arteries  contain 
MEJs.  At  this  time,  the  importance  of  this  interaction  to  the  development  of  pulmonary 
arterial  hypertension  is  unknown. 

Specific  Aim  2  NAC  SNOAC  signaling  alters  hypoxia  Inducible  factor  (HIF) 
expression  and  activity 

The  ability  of  NAC  to  induce  pulmonary  hypertension  was  not  significantly  different  from 
that  induced  by  hypoxia  (Appendix;  Manuscript  1,  Figure  1).  This  suggests  that  S- 
nitrosothiol  transfer  reactions  can  signal  hypoxia  in  vivo.  Hypoxia  inducible  factor-1 
(HIF-1)  is  a  protein  known  to  be  induced  by  hypoxia.  Nitrogen  oxides  have  been  shown 
to  stabilize  the  alpha  subunit  of  HIF-123.  HIF  has  also  been  shown  to  be  S- 
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nitrosylated24  Thus,  one  way  in  which  NAC  or  SNOAC  may  mediate  changes  in  the 
pulmonary  vasculature  is  through  the  activation  of  hypoxia  inducible  transcription  factors 
such  as  HIF-1 . 

Task  1. Determine  if  NAC/SNOAC  signaling  alters  HIF  expression  and  activity 

Hypoxia  regulated  genes  in  the  pulmonary  endothelium  may  play  a  role  in  hypoxia  and 
NAC  induced  pulmonary  hypertension.  S-nitrosothiols  can  have  hypoxia  mimetic  gene 
regulatory  effects  that  involved  the  expression  of  transcription  factors  pertinent  to 
pulmonary  vascular  disease.  HIF-1  along  with  Spl  and  Sp3  are  upregulated  in  the  lungs 
of  mice  treated  chronically  with  NAC  (Appendix,  Manuscript  1,  Figures  4  and  5B).  This 
effect  was  more  pronounced  after  treatment  with  SNOAC.  In  addition,  NAC  increased 
HIF-1  DNA  binding  activity  in  vivo  (Appendix;  Manuscript  1,  Figure  5A). 

HIF-1  has  been  shown  to  be  stabilized  in  normoxia  by  GSNO23.  Stabilization  was  found 
to  be  due  to  S-nitrosylation  preventing  normoxic  ubiquitination  and  degradation  of  HIFIa 
(Appendix;  Manuscript  1,  Figure  5C).  SNOAC  was  found  to  inhibit  the 
coimmunoprecipitation  of  HIFIa  with  its  E3  ligase  von  Hippel-Lineau  protein  when 
overexpressed  in  COS  cells  (Appendix;  Manuscript  1,  Figure  5D).  In  addition,  SNOAC 
was  found  to  S-nitrosylate  von  Hippel  Lindau  protein  in  HeLa  cells  (Appendix; 
Manuscript  1,  Figure  5E)  and  786-0  renal  carcinoma  cells  stably  overexpressing  von 
Hippel  Lindau  protein  (Appendix;  Manuscript  1  Figure  5F).  Cysteine  162  was  identified 
as  being  critical  for  S-nitrosylation  (Appendix;  Manuscript  1,  Figure  5G).  Thus,  one 
mechanism  by  which  S-nitrosothiols  may  be  hypoxia  mimetic  may  involve  the 
stabilization  of  HIFIa  through  the  S-nitrosylation  of  von  Hippel  Lindau  protein  cysteine 
residue  162. 

Task  2.  Determine  if  NAC/SNOAC  modifies  the  expression  of  HIF-1  responsive 
genes  implicated  in  the  development  of  PH. 

The  expression  of  several  proteins,  known  to  be  induced  by  HIF-1  and  identified  to  be 
associated  with  the  development  of  pulmonary  hypertension  were  evaluated  in  lungs  of 
mice  exposed  to  NAC  or  SNOAC.  Fibronectin,  eNOS  and  hypoxia  inducible  mitogenic 
factor  protein  expression  were  found  to  increase  with  NAC  or  hypoxia  exposure 
(Appendix;  Manuscript  1,  Figure  2A-C).  However,  vascular  endothelial  growth  factor 
(VEGF)  and  endothelin  protein  expression  was  not  significantly  altered  (Appendix; 
Manuscript  1,  Figure  2  E,F). 

Specific  Aim  3  Gender  differences  in  pulmonary  hypertension  arise  from  an 
imbalance  of  SNO  formation  and  metabolism. 

Gender  is  an  important  risk  factor  in  the  development  of  PAH25,26.  Human  females  are 
twice  as  likely  to  get  this  disease  as  males25,26.  Oral  contaceptives  and  estrogens  are 
thought  to  be  unlikely  risk  factors  in  the  development  of  PAH27,28  .  However,  recent 
data  indicate  a  role  for  the  estrogen  metabolizing  gene  CYPIBI29  Chronic  hypoxia  can 
cause  PAH  in  humans  and  animals30'36  and  as  such,  can  be  used  as  a  model  system  to 
examine  the  gender  differences  associated  with  the  development  of  this  disease.  In 
humans,  there  is  no  apparent  difference  in  pulmonary  artery  pressures  seen  between 
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male  and  female  children  and  adolescents  living  at  high  altitude37,38.  However, 
menarchal  humans  are  better  able  to  adapt  to  high  altitude  than  males  and  non- 
menarchal  females  37,38  suggesting  the  response  to  hypoxia  can  be  modulated  by  sex 
hormones.  Female  rats39,48  and  swine41  develop  less  severe  PAH  in  response  to 
chronic  hypoxia  compared  to  males.  To  date,  little  research  has  focused  on  examining 
the  gender  dependent  regulation  of  S-nitrosothiol  formation  and  its  relationship  to  the 
development  of  pulmonary  hypertension. 

In  the  last  two  years  of  this  award,  we  examined  the  hypothesis  that  S-nitrosothiol 
bioavailability,  mediated  through  the  actions  of  S-nitrosoglutathione  reductase  (GSNO- 
R),  may  play  a  role  in  the  gender  predilection  seen  in  this  disease  (Appendix; 
Manuscript  2).  Studies  were  performed  in  our  novel  mouse  model  of  PAH  induced  by 
N-acetyl  cysteine  (Appendix  Manuscript  1 ), 

Task  1.  Measure  to  pathophysiological  parameters  of  PH  following  chronic 
administration  of  NAC/SNOAC  to  female  animals  for  comparison  to  that 
measured  in  males.  Pulmonary  hypertension  is  characterized  by  an  increase  in  right 
ventricular  pressure,  an  increase  in  right  ventricular  weight  and  muscularization  of  the 
small  pulmonary  arterioles.  The  data  obtained  from  our  studies  in  female 
C57BL6/129SvEv  mice  reveal  female  mice  have  higher  resting  right  ventricular 
pressures  and  right  ventricular  weights  than  males,  but  are  protected  from  the  NAC- 
induced  increases  in  right  ventricular  pressure  and  weight  observed  in  males. 
(Appendix,  Manuscript  2;  Figure  5) 

Task  2  Identify  differences  in  SNO  formation/  transfer/metabolism  between  male 
and  female  animals.  In  the  NAC  model,  NAC  is  used  as  a  tracer  to  monitor  the 
formation  of  S-nitrosothiols.  In  vivo,  NAC  is  converted  to  S-nitrosylated  N  acetyl 
cysteine  (SNOAC)  which  can  be  measured  in  the  serum  using  liquid  chromatography/ 
mess  spectroscopy  (LC/MS)  (Appendix,  Manuscript  1,  Figure  3B).  SNOAC  levels 
present  in  the  serum  of  NAC-treated  female  animals  were  greater  than  that  seen  in  the 
male  animals  (Appendix;  Manuscript  1,  Figure  6),  suggesting  that  differential  S- 
nitrosothiol  metabolism  may  be  responsible  for  these  observations.  Analysis  of  the 
activity  and  expression  of  GSNOR  demonstrated  GSNOR  activity  was  greater  in  female 
compared  to  the  male  animals  with  no  changes  in  mRNA  or  protein  expression 
(Appendix;  Manuscript  2,  Figure  1.  Tables  1  and  2).  This  suggested  that  a  post- 
translational  modification  of  GSNOR  may  be  responsible  for  the  increased  activity  of 
GSNOR.  Therefore,  we  evaluated  the  S-nitrosylation  state  of  GSNOR  and  the  effect  it 
has  on  GSNOR  activity.  GSNOR  was  found  to  be  an  S-nitrosylated  protein  (Appendix; 
Manuscript  2  Figures  1).  Moreover,  S-nitrosoglutathione  was  found  to  increase  the 
activity  of  GSNOR  (Appendix;  Manuscript  2,  figure  2).  Lastly,  in  the  lung,  GSNOR  S- 
nitrosylation  was  greater  in  female  mice 

Task  3  Evaluate  the  effect  of  estrogen  and  testosterone  in  modulating  the  SNO 
signaling  pathway.  S-nitrosothiol  abundance  in  the  endothelium  is  determined,  in  part, 
through  the  activities  of  eNOS  (S-nitrosothiol  production)  and  GSNOR  (S-nitrosothiol 
catabolism).  Estrogen  is  known  to  increase  the  expression  and  activity  of  eNOS42.  As 
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such,  lung  homogenates  from  female  mice  have  more  eNOS  protein  expression  when 
compared  to  lung  homogenates  obtained  from  male  mice  (Appendix;  Manuscript  2, 
Figure  3).  Increases  in  eNOS  activation  is  associated  with  the  formation  of  S- 
nitrosothiols.  GSNO-R  is  an  S-nitrosylated  protein  (Appendix;  Manuscript  2,  Figure  ID). 
Therefore,  we  evaluated  the  effects  of  estrogen  on  GSNOR  S-nitrosylation.  In  vitro 
studies  using  primary  pulmonary  endothelial  cells  isolated  from  female  mice  show  that 
estrogen  increases  the  levels  of  S-nitrosylated  GSNOR  compared  to  untreated  cells. 
This  increase  in  S-nitrosylated  GSNOR  by  estrogen  was  abrogated  by  L-NAME,  a  non¬ 
specific  nitric  oxide  synthase  inhibitor.  (Appendix  Manuscript  2  Figure  3),  suggesting 
that  the  activity  of  eNOS  contributes  to  the  S-nitrosylation  and  activation  of  GSNOR. 
This  is  consistent  with  the  observation  that  eNOS  knockout  (eNOS'7')  mice  have 
reduced  GSNOR  activity  (Appendix  Manuscript  2,  Figure  4). 

Female  mice  are  protected  from  NAC  induced  pulmonary  hypertension  (Appendix; 
Manuscript  2,  Figure  5).  To  determine  if  estrogen  is  responsible  for  this  protective 
effect,  the  ability  of  NAC  to  induce  pulmonary  hypertension  was  evaluated  in 
ovariectomized  and  castrated  mice.  In  contrast  to  what  was  expected,  ovariectomized 
animals  did  not  show  increases  in  right  heart  weight  or  right  ventricular  pressure  in 
response  to  NAC.  Castrated  animals,  on  the  other  hand,  were  found  to  be  protected 
from  the  increases  in  right  ventricular  weight  and  pressures  in  response  to  NAC 
(Appendix;  Manuscript  2,  Figure  7).  Castration  was  accompanied  by  an  increase  in 
GSNOR  activity  (Appendix;  Manuscript  2,  Figure  8)  Moreover,  GSNOR  activity  in  the 
castrated  animals  was  now  comparable  to  that  seen  in  female  animals.  (Appendix; 
Manuscript  2,  Figure  8).  To  further  evaluate  the  role  of  androgens  on  the  activation  of 
GSNO-R,  eNOS'7'  animals  were  castrated  and  the  activity  of  GSNOR  evaluated. 
GSNO-R  activity  in  eNOS'7'  castrated  animals  was  increased  compared  to  that  of  the 
gonad  intact  animals  (Appendix,  Manuscript  2,  Figure  9).  This  suggests  the  presence  of 
an  eNOS  independent  androgen  mediated  effect  on  GSNOR  activity. 

How  does  this  data  relate  to  humans  with  pulmonary  hypertension?  In  humans,  the 
genetic  basis  for  approximately  half  of  the  familial  cases  and  a  one  quarter  of  the 
sporadic  cases  of  pulmonary  arterial  hypertension  include  the  autosomal  dominant 
mutation  in  the  cell-surface  localized  bone  morphogenetic  receptor  type  2  (BMPR2)43,44 
The  low  penetrance  of  these  mutations  (10-20%)  lead  to  a  search  for  a  “second  hit”  or 
modifier  gene45,46  and  the  possibility  that  GSNO-reductase  is  a  modifier  gene 
associated  with  the  development  of  pulmonary  arterial  hypertension  was  examined. 
Human  genetic  analysis  examined  the  effect  of  an  SNP  locus  in  exon  1  (ADH5ASNP1; 
rs1154400)47  of  the  human  adh5  gene  (which  encodes  GSNO-reductase).  In  a  cohort 
of  209  individuals  tested  (89  unaffected,  120  affected)  collected  by  the  Vanderbilt  PAH 
center,  absence  or  presence  of  familial  PAH  did  not  correlate  with  the  presence  for  this 
particular  SNP.  However,  within  the  population  of  55  BMPR2+  subjects  (18  male,  37 
female)  for  which  the  age  of  diagnosis  was  known,  the  data  suggested  that  the 
presence  of  a  T  in  the  allele  correlated  with  the  age  of  onset  of  the  disease.  This  was 
true  only  for  the  males  (Table  1)  and  did  not  appear  to  hold  true  for  the  females.  These 
are  preliminary  data  on  a  small  cohort  using  just  one  SNP.  The  data  are  consistent 
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with  the  idea  that  GSNOR  may  be  a  sex  steroid  responsive  gene  product  that  modifies 
age  of  presentation  for  PAH. 

Table  1.  GSNOR  in  Individuals  with  BMPR2  mutations  correlated  with  age  of  Diagnosis 


Allele 

Male 

N  (%)  Mean  Age  (years)  95%  Cl 

At  diagnosis 

Female 

N  (%)  Mean  Age  (years)  95%  Cl 

At  diagnosis 

CT 

10(53%)  43.5  35.5  to  51.5 

18(43%)  35.4  29.9  to  40.9 

TT 

8(42%)  25.7  16.7  to  34.7 

19(45%)  2.6  26.0  to  39.3 

Total 

18  (100%) 

37  (100%) 

P  <  0.019  Kruskal-Wallis  p<  0.587  Kruskal-Wallis 

Treatment  with  GSNO  disrupts  the  interaction  between  eNOS  and  GSNOR  (Figure  1). 
GSNOR  activity  is  greater  in  female  mice  compared  to  males.  (Appendix;  Manuscript  2, 
Figure  1.  Tables  1  and  2).  Sodium  carbonate  is  known  to  release  peripheral 
membrane  proteins  from  membranes.  Sodium  carbonate  extraction  was  used  to 
determine  if  (1)  GSNOR  is  a  peripheral  membrane  protein,  (2)  subcellular  location  is 
altered  in  the  presence  of  GSNO  and  (3)  if  we  can  detect  and  differences  between  male 
and  female  MLECs.  GSNOR  was  present  in  both  the  cytosolic  (supernatant)  and 
membrane  (pellet)  fractions,  suggesting  GSNO-R  may  be  a  peripheral  membrane 
protein.  Treatment  of  MLECs  with  GSNO  did  not  alter  the  expression  of  GSNOR  in 
cells  isolated  from  either  gender  (Figure  5).  However,  treatment  with  GSNO  does 
influence  its  association  with  the  membrane  (Figure  5).  It  is  interesting  to  note  that  the 
association  of  GSNO-R  with  the  membrane  is  not  determined  by  gender.  However, 
treatment  with  GSNO  alters  the  affinity  of  this  association,  which  is  gender  dependent, 
suggesting  that  changes  in  membrane  affinity  may  occur  through  S-nitrosylation. 


Total 


GSNO(pM)  0  1  5  10  0  1  5  10 


Supernatant  Pellet 


Total  Supernatant  Pellet 


Figure  5.  Affinity  of  GSNO-R  for  membrane  is  gender  dependent.  Female  (A)  and 
male  (B)  MLECs  were  transfected  with  FLAG-tagged  GSNO-R,  treated  with  various 
concentrations  of  GSNO  (4  h)  and  subjected  to  sodium  carbonate  extraction.  Similar 
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levels  of  GSNO-R  were  expressed  in  each  treatment  group  (Total).  GSNO-R  protein 
was  found  in  both  the  cytoplasmic  fraction  (supernatant)  as  well  as  the  membrane 
fraction  (pellet),  suggesting  that  GSNO-R  is  a  peripheral  membrane  protein.  GSNO 
treatment  with  altered  the  affinity  of  GSNO-R  for  the  membrane  fraction  (pellet),  which 
is  gender  dependent. 

Key  Research  Accomplishments 

Specific  Aim  1:  Aberrant  formation/Transfer  and/or  delivery  of  S-nitrosothiols 
(SNOs)  lead  to  the  development  of  Pulmonary  Hypertension. 

Task  1:  Characterize  SNO  formation/transfer/metabolism  in  vivo  and  in  vitro  in  male 
animals  following  chronic  N-acetyl  cysteine  (NAC)  administration. 

•  Red  blood  cell  SNO  content  is  dependent  on  oxyhemoglobin  saturation 

•  Thiols  can  accelerate  the  desaturation-induced  loss  of  red  blood  SNO  content. 

Task  2.  Identify  the  pathophysiological  changes  caused  by  NAC/SNOAC  treatment  in 
the  pulmonary  vasculature  in  vivo. 

•  NAC /  SNOAC  treatment  increase  right  ventricular  pressure. 

•  NAC/SNOAC  treatment  increases  right  ventricular  weight. 

•  NAC/SNOAC  treatment  increases  the  muscularization  of  small  pulmonary 
arterioles. 

•  Chronic  systemic  treatment  of  NAC/SNOAC  in  male  mice  results  in  the 
development  of  pulmonary  hypertension  which  is  indistinguishable  from  that 
induced  by  hypoxia. 

Task  3.  Identify  significant  components  of  the  S-nitrosothiol  signaling  pathway. 
Identification  of  proteins  involved  in  S-nitrosothiol  signaling  in  the  pulmonary 
vasculature. 

•  GSNOR  coimmunoprecipitates  with  eNOS. 

•  Treatment  with  an  S-nitrosothiol  disrupts  the  interaction  between  eNOS  and 
GSNOR. 

•  eNOS  activity  influences  the  activity  of  GSNOR 

•  GSNOR  activity  influences  the  activity  of  eNOS. 

•  eNOS  and  GSNO-R  colocalize  in  intact  endothelial  cells  to  the  perinuclear 
regions  and  in  punctate  regions  in  the  cytosol. 

•  The  interaction  between  eNOS  and  GSNO-R  is  not  in  the  caveolae  in  cultured 
cells. 

•  S-nitrosylation  is  posttranslational  mechanism  by  which  endothelial  cells  and 
smooth  muscle  cells  use  to  regulate  heterocellular  communication. 

•  Heterocellular  communication  between  endothelial  cells  and  smooth  muscle  cells 
is  regulated  through  the  S-nitrosylation  of  connexin  43. 

Specific  Aim  2  NAC/SNOAC  signaling  alters  hypoxia  Inducible  factor  (HIF) 
expression  and  activity. 


14 


Task  1.  Determine  if  NAC/SNOAC  signaling  alters  HIF  expression  and  activity 

•  HIF-1  along  with  Spl  and  Sp3  are  upregulated  in  the  lungs  of  mice  treated 
chronically  with  NAC. 

•  HIF-1  DNA  binding  activity  was  increased  by  NAC. 

•  SNOAC  was  found  to  inhibit  the  coimmunoprecipitation  of  H I  FI  a  with  its  E3 
ligase  von  Hippel-Lineau  protein. 

•  SNOAC  was  found  to  S-nitrosylate  von  Hippel  Lindau  protein,  the  E3  ligase  for 
HIFIa. 

•  Cysteine  162  of  protein  von  Hippel  Lindau  was  identified  as  being  critical  for  S- 
nitrosylation. 

Task  2.  Determine  if  NAC/SNOAC  modifies  the  expression  of  HIF-1  responsive  genes 
implicated  in  the  development  of  PH. 

•  Fibronectin,  eNOS  and  hypoxia  inducible  mitogenic  factor  protein  expression 
were  found  to  increase  with  NAC  or  hypoxia  exposure. 

•  The  protein  expression  of  vascular  endothelial  growth  factor  (VEGF)  and 
endothelin  protein  expression  were  not  significantly  altered  by  NAC. 

Specific  Aim  3  Gender  differences  in  pulmonary  hypertension  arise  from  an 
imbalance  of  SNO  formation  and  metabolism. 

Task  1.  Measure  to  pathophysiological  parameters  of  PH  following  chronic 
administration  of  NAC/SNOAC  to  female  animals  for  comparison  to  that  measured  in 
males. 

•  NAC  does  not  increase  right  ventricular  pressure  in  female  mice. 

•  NAC  does  not  increase  right  ventricular  weight  in  female  mice. 

•  Female  mice  are  protected  from  NAC  induced  pulmonary  hypertension. 

Task  2.  Identify  differences  in  SNO  formation/  transfer/metabolism  between  male  and 
female  animals. 

•  SNOAC  levels  present  in  the  serum  of  NAC-treated  female  animals  were  greater 
than  that  seen  in  the  male  animals. 

•  GSNOR  activity  was  greater  in  female  compared  to  the  male  animals. 

•  Changes  in  GSNOR  activity  were  not  due  to  changes  in  mRNA  or  protein 
expression. 

•  GSNOR  was  found  to  be  an  S-nitrosylated  protein. 

•  S-nitrosylation  increases  GSNOR  activity. 

Task  3.  Evaluate  the  effect  of  estrogen  and  testosterone  in  modulating  the  SNO 
signaling  pathway. 

•  Estrogen  increases  the  levels  of  S-nitrosylated  GSNOR. 

•  Estrogen  induced  increased  in  S-nitrosylated  GSNOR  is  abrogated  by  L-NAME. 

•  eNOS  knockout  (eNOS'/_)  mice  have  reduced  GSNOR  activity. 


15 


•  Castrated  animals  are  protected  from  the  increases  in  right  ventricular  weight 
and  pressures  in  response  to  NAC. 

•  Castration  was  accompanied  by  an  increase  in  GSNOR  activity. 

•  GSNOR  activity  in  the  castrated  animals  is  similar  to  that  seen  in  female  animals. 

•  GSNOR  activity  in  eNOS'/_  castrated  animals  was  increased  compared  to  that  of 
the  gonad  intact  eNOS'/_  animals. 

•  GSNOR  may  be  a  sex  steroid  responsive  gene  product  that  modifies  age  of 
presentation  for  PAH  in  male  humans. 
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Figure  6.  Mismatch  between  SNO-production/delivery  and  SNO-metabolism  may 
contribute  to  the  development  of  PAH.  The  importance  of  maintaining  a  balance 
between  SNO  production  and  degradation  is  illustrated  in  the  schematic  diagram.  The 
relative  expression  and/or  activity  of  eNOS  and  GSNO-R  are  different  in  male  and 
female  mice,  with  females  having  increased  expression  and/or  activity  of  both  proteins. 
An  imbalance  in  SNO  bioavailability  in  the  pulmonary  vasculature  could  lead  to  the 
activation  of  downstream  events  that  contribute  to  the  development  of  pulmonary 
arterial  hypertension. 
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Women  are  more  likely  than  men  to  develop  PAH25,26.  However,  the  molecular  basis  for 
this  gender  difference  is  not  known.  Abnormal  blood  SNO  levels  have  been  implicated 
in  the  development  of  this  disease.  Components  (eNOS  expression  and  activation, 
oxygen  affinity  of  red  blood  cells,  and  GSNO-R  activity)  necessary  in  the  formation, 
transfer  and  metabolism  of  endogenously  produced  SNOs  are  generally  greater  in 
females  than  in  males.  Our  data  suggest  that  the  expression  and/or  activities  of  GSNO- 
R  may  be  the  key  since  GSNOR  associates  with  eNOS;  overexpression  of  GSNO-R 
alters  eNOS  phosphorylation  at  serine  1177,  a  residue  implicated  in  eNOS  activation; 
castration  prevents  the  development  of  PAH  in  response  to  unregulated  delivery  of 
SNOs;  and  GSNOR  activity  in  castrated  mice  is  equal  to  that  of  female  mice.  The 
mechanism  by  which  GSNO-R  alters  eNOS  function  and  the  role  that  it  may  play  in  the 
gender  differences  seen  in  PAH  are  not  known.  Based  on  the  data  we  obtained  during 
this  4  year  funding  period,  we  propose  hormonally  regulated  S- 
nitrosylation/denitrosylation  coupling  may  be  involved  (Figure  6).  This  forms  a  local 
compartmentalized  regulatory  loop.  Target  proteins  involved  in  this  regulation  may  be 
used  to  aid  in  the  identification  of  individuals  susceptible  to  develop  this  disease  as  well 
as  lead  to  the  discovery  of  new  therapeutics  for  the  treatment  of  this  disease. 
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NO  transfer  reactions  between  protein  and  peptide  cysteines  have  been  proposed  to  represent  regulated  signal¬ 
ing  processes.  We  used  the  pharmaceutical  antioxidant  TV-acetylcysteine  (NAC)  as  a  bait  reactant  to  measure 
NO  transfer  reactions  in  blood  and  to  study  the  vascular  effects  of  these  reactions  in  vivo.  NAC  was  converted 
to  S-nitroso-iV-acetylcysteine  (SNOAC),  decreasing  erythrocytic  S-nitrosothiol  content,  both  during  whole- 
blood  deoxygenation  ex  vivo  and  during  a  3-week  protocol  in  which  mice  received  high-dose  NAC  in  vivo. 
Strikingly,  the  NAC-treated  mice  developed  pulmonary  arterial  hypertension  (PAH)  that  mimicked  the  effects 
of  chronic  hypoxia.  Moreover,  systemic  SNOAC  administration  recapitulated  effects  of  both  NAC  and  hypox¬ 
ia.  eNOS-deficient  mice  were  protected  from  the  effects  of  NAC  but  not  SNOAC,  suggesting  that  conversion  of 
NAC  to  SNOAC  was  necessary  for  the  development  of  PAH.  These  data  reveal  an  unanticipated  adverse  effect 
of  chronic  NAC  administration  and  introduce  a  new  animal  model  of  PAH.  Moreover,  evidence  that  conver¬ 
sion  of  NAC  to  SNOAC  during  blood  deoxygenation  is  necessary  for  the  development  of  PAH  in  this  model 
challenges  conventional  views  of  oxygen  sensing  and  of  NO  signaling. 


Introduction 

NO  transfer  reactions  between  protein  and  peptide  cysteines  have 
been  proposed  to  represent  regulated  signaling  processes  (1,  2). 
For  example,  NO  transfer  from  deoxygenated  erythrocytes  to 
glutathione  ex  vivo  forms  S-nitrosoglutathione  (GSNO)  (3).  GSNO 
can  signal  acute  vascular  and  central  ventilatory  effects  character¬ 
istic  of  oxyhemoglobin  desaturation  (3-4)  that  are  regulated  by 
y-glutamyl  transpeptidase  (GGT),  GSNO  reductase  (GSNOR), 
and  other  enzymes  (1,  3-6).  However,  direct  measurement  of 
S-nitrosothiol  signaling  in  vivo  has  proven  challenging  because 
of  the  metabolism  and  tissue-specific  localization  of  endogenous 
S-nitrosothiol  species  (1,  3, 4,  6).  We  have  addressed  these  challeng¬ 
es  by  using  N-acetylcysteine  (NAC)  as  a  bait  reactant,  allowing  the 
stable  NO  transfer  product,  S-nitroso-lV-acetylcysteine  (SNOAC), 
to  be  distinguished  by  mass  spectrometry  (MS)  from  endogenous 
S-nitrosothiols.  We  report  that  NAC  is  converted  to  SNOAC  in 
mice  in  vivo.  Furthermore,  chronic,  systemic  administration  of 
either  NAC  or  SNOAC  to  mice  causes  hypoxia-mimetic  pulmo¬ 
nary  arterial  hypertension  (PAH).  These  data  reveal  a  previously 
unappreciated  vascular  toxicity  of  NAC  and  of  S-nitrosothiols. 
Moreover,  they  suggest  that  S-nitrosothiol  transfer  reactions  can 
signal  hypoxia  in  vivo. 

PAH  is  characterized  by  increased  pressure  in  the  pulmonary 
arteries  (PAs),  increased  RV  weight,  and  thickening  and  remod¬ 
eling  of  small  PAs.  Untreated  human  PAH  can  progress  to  right 

Nonstandard  abbreviations  used:  AE1,  anion  exchange  protein  1;  BPAEC,  bovine 
pulmonary  arterial  cell;  GGT,  y-glutamyl  transpeptidase;  Glut-1,  glucose  transport 
protein- 1;  GSNO,  S-nitrosoglutathione;  Hb,  hemoglobin;  HIF,  hypoxia-inducible 
factor;  HIMF,  hypoxia-inducible  mitogenic  factor;  MS,  mass  spectrometry;  NAC, 

N- acetylcysteine;  PA,  pulmonary  artery;  PAH,  pulmonary  arterial  hypertension;  p02, 
partial  pressure  of  02;  pVHL,  von  Hippel-Lindau  protein;  SNOAC,  S-nitroso-N-acet- 
ylcysteine;  SNOrbc,  ratio  of  total  erythrocytic  S-nitrosothiol  concentration  to  Hb;  Sp, 
specificity  protein. 

Conflict  of  interest:  B.  Gaston  is  a  consultant  for,  and  has  licensed  intellectual  prop¬ 
erty  to,  Galleon  Pharmaceuticals  Inc.  and  N30  Pharmaceuticals  LLC. 

Citation  for  this  article: J.  Clin.  Invest.  117:2592-2601  (2007).  doi:10.1172/JCI29444. 


heart  failure  and  death  (7,  8).  Chronic  hypoxia  can  cause  PAH,  and 
hypoxia-regulated  genes  in  the  pulmonary  endothelium  play  a  role 
(7,  9).  The  partial  pressure  of  O2  (PO2)  of  blood  in  the  hypoxic 
PA  is  not  as  low  as  that  used  to  study  the  expression  of  hypoxia- 
modified  genes  in  vitro  (10).  However,  endothelium-derived  NO  in 
erythrocytes  can  be  transferred  as  a  nitrosonium  (NO+)  equivalent 
to  cysteine  thiolates  on  glutathione  (GSH)  and  anion  exchange 
protein  1  (AE1)  —  forming  GSNO  and  S-nitroso-AEl  —  during 
erythrocytic  oxyhemoglobin  desaturation  in  vitro;  this  effect  is 
dependent  on  erythrocytic  oxyhemoglobin  saturation  rather  than 
PO2  (3,  4,  1 1,  12).  S-Nitrosothiols,  in  turn,  can  increase  the  expres¬ 
sion  of  hypoxia-associated  gene  regulatory  proteins  in  vitro  (5,  13, 
14),  an  effect  regulated  by  S-nitrosothiol  metabolic  enzymes  (5, 
14).  Here,  we  report  a  hypoxia-mimetic  effect,  pulmonary  vascular 
remodeling,  that  is  associated  with  chronic  systemic  conversion  of 
NAC  to  SNOAC  in  vivo.  Strikingly,  chronic  exogenous  administra¬ 
tion  of  SNOAC  —  a  vasodilator  (15)  —  recapitulates  the  effects  of 
hypoxia  on  the  lung,  causing  hypoxia-mimetic  murine  PAH.  Fur¬ 
thermore,  experiments  in  eNOS-deficient  mice  reveal  that  eNOS  is 
necessary  for  NAC,  but  not  SNOAC,  to  cause  PAH.  Taken  togeth¬ 
er,  these  data  demonstrate  an  unanticipated  potential  toxicity  of 
chronic,  systemic  NAC  and  SNOAC  administration  and  suggest  a 
novel  paradigm  for  understanding  hypoxia-associated  disease. 

Results 

NAC  and  SNOAC  cause  hypoxia-mimetic  PAH.  Three  weeks  of  normobar- 
ic  hypoxia  (10%)  increased  RV  systolic  pressure,  RV  weight  (relative 
to  LV  and  septum  [LV+S])  and  muscularization  of  small  (<80-|tm) 
pulmonary  arterioles  in  both  C57BL/6  and  C57BL/6/129SvEv  mice 
( n  =  4-14  each;  Figure  1,  A-E).  The  effects  of  3  weeks’  exposure  to 
either  NAC  (10  mg/ml  [52  mM])  or  SNOAC  (1  mM)  in  the  drink¬ 
ing  water  were  similar  to  those  of  3  weeks’  exposure  to  hypoxia 
in  C57BL/6/129SvEv  mice,  increasing  RV  pressure  (n  =  3-4  each, 
P  <  0.001  relative  to  normoxia),  RV/LV+S  weight  ratio  ( n  =  6-35  each; 
P  <  0.02  relative  to  normoxia),  and  muscularization  of  the  small  pul- 


2592 


The  Journal  of  Clinical  Investigation  http://www.jci.org  Volume  117  Number  9  September  2007 


research  article 


FM  PM  NM 


Degree  of  muscularization 


Figure  1 

Systemic  NAC  and  SNOAC  cause 
hypoxia-mimetic  PAH  in  mice.  C57BL/6/ 
1 29SvEv,  C57BL/6,  and  eNOS-'" 
male  mice  were  maintained  in  nor- 
moxia  (N,  red;  21%  02)  or  hypoxia  (H, 
black;  10%  02);  or  were  treated  with 
NAC  (blue)  or  SNOAC  (green)  in  their 
drinking  water  for  3  weeks.  (A)  Relative 
RV  weight  was  determined  as  the  ratio 
of  the  weight  of  the  RV  to  the  LV+S 
weight.  (B)  RV  systolic  pressures  were 
measured  in  the  closed  chest  using  a 
Millar  1.4  F  catheter/transducer.  (C) 
Representative  RV  pressure  (RVP) 
tracings  (each  =  1  s).  (D)  Lung  section 
images  from  C57BL/6/129SvEv  mice 
immunostained  for  von  Willebrand 
factor  and  a-SMA  to  illustrate  changes 
in  muscularization  after  3  weeks  of 
exposure  to  normoxia,  hypoxia,  NAC, 
or  SNOAC.  Scale  bar:  100  urn  (applies 
to  all  panels).  (E)  Changes  in  muscu¬ 
larization  in  C57BL/6/129SvEv  mice 
in  the  small  (<80-pm)  vessels  from 
histological  sections  (as  in  D)  counted 
by  an  observer  blinded  to  the  protocol. 
FM,  fully  muscular;  PM,  partly  mus¬ 
cular,  NM,  nonmuscular.  Significant 
increases  in  muscularization  in  each 
treatment  group  were  seen  in  com¬ 
parison  to  normoxic  controls.  Data  are 
mean  ±  SEM.  ip  <  0.02,  *P  <  0.001, 
+P  <  0.003,  by  1-way  ANOVA  followed 
by  pairwise  comparison,  all  compared 
with  normoxic  control. 


monary  arterioles.  ( n  =  3-8;  P  <  0.003  relative  to  normoxia)  (Figure 
1,  A-E).  Of  note,  PA  pressures  in  the  treatment  groups  were  great¬ 
er  than  125%  those  in  controls  in  the  hypoxia,  NAC,  and  SNOAC 
groups,  despite  anesthesia,  which  can  blunt  PAH  (ref.  8;  Figure  1C). 
Similar  results  were  obtained  in  C57BL/6  mice  (n  =  4-12  each);  how¬ 
ever,  the  increase  in  RV/LV+S  ratio  was  not  significant  in  these  mice 
in  the  case  of  SNOAC  (Figure  1,  A  and  B). 

In  dose-response  experiments,  higher-dose  NAC  (10  mg/ml) 
increased  RV  weight  relative  to  normoxia  at  3  weeks  in  C57BL/6/ 
129SvEv  mice  (Figure  1A);  however,  at  a  lower  dose  (1  mg/ml),  RV/ 
LV+S  was  normal  at  3  weeks  (0.27  ±  0.005;  n  =  5;  P  =  NS  compared 
with  no  treatment).  On  the  other  hand,  low-dose  NAC  increased 
RV  systolic  pressure  at  3  weeks  to  27.5  mmHg  (n  =  4;  P  <  0.04  com¬ 
pared  with  normoxia). 

In  time  course  experiments  performed  using  C57BL/6/ 
129SvEv  mice,  there  was  a  significant  increase  in  RV  pressure 
after  1  week  of  NAC  exposure  (10  mg/ml;  mean  RV  pressure  with 
NAC,  22.8  ±  3.3  mmHg,  versus  without  NAC,  13.7  ±  0.7  mmHg; 
n  =  5-8  each;  P  <  0.01),  persisting  at  2  and  3  weeks.  RV/LV+S 
increased  more  slowly:  a  significant  difference  between  NAC- 


exposed  and  -unexposed  animals  was  not  observed  until  3  weeks 
(n  =  5-8  each  at  1  and  2  weeks;  P  =  NS).  Concomitant  3-week 
exposure  to  both  hypoxia  and  10  mg/ml  NAC  did  not  result  in  a 
greater  increase  in  mean  RV/LV+S  (0.35  ±  0.082  after  NAC  and 
hypoxia  together  versus  0.34  ±  0.020  after  hypoxia  alone;  n  =  4-6 
each;  P  =  NS)  or  RV  pressure  (21.4  ±  1.30  mmHg  after  NAC  plus 
hypoxia  versus  19.9  ±  1.03  mmHg  after  hypoxia  alone;  n  =  4-6 
each;  P  =  NS),  suggesting  functional  overlap  between  hypoxia- 
and  NAC-stimulated  pathways. 

Whole-lung  expression  of  hypoxia-inducible  mitogenic  factor 
(HIMF),  fibronectin,  and  eNOS,  proteins  associated  with  the  devel¬ 
opment  of  PAH  in  some  models  (16-20),  was  increased  by  hypoxia 
and  by  3  weeks  of  NAC  treatment  (10  mg/ml;  n  =  3-6  each;  P  <  0.05 
[HIMF  and  fibronectin]  and  P  <  0.01  [eNOS];  Figure  2,  A-D).  Of 
note,  VEGF-A  and  endothelin  1  protein  expression  did  not  increase 
significantly  with  hypoxia  or  NAC  in  our  model  (Figure  2,  E  and 
F).  Though  these  proteins  can  be  upregulated  by  low  p02  in  vitro, 
results  are  variable  in  PAH  models  (21-26),  suggesting  that  PAH- 
associated  vascular  remodeling  is  more  complex  than  would  be 
predicted  based  on  the  effects  of  low  p02  alone.  Indeed,  VEGF  and 
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Figure  2 

Three  weeks  of  NAC  treatment  or  hypoxia  increases  the  whole-lung  expression  of  certain  genes  associated  with  the  development  of  PAH  in 
mice.  The  expression  of  fibronectin  (A),  HIMF  (B),  eNOS  (C  and  D),  VEGF-A  (E),  and  endothelin  (F)  in  whole-lung  homogenates  from  NAC- 
treated  mice  was  examined  by  immunoblot.  Fold  increase  in  density  relative  to  MAPK  (equal  loading  control)  was  determined  for  each  condition. 
The  increases  in  fibronectin,  HIMF,  and  eNOS  (n  =  3-5  each)  were  significant.  (G)  Three  weeks  of  NAC  treatment  also  increased  whole-lung 
mRNA,  assayed  relative  to  18S  RNA  by  RT-PCR,  for  HIMF  and  VEGF-A  but  not  fibronectin  or  Glut-1  (n  =  3  each).  Time  course  analysis  of 
NAC-treated  mice  (D)  revealed  that  the  increase  in  whole-lung  eNOS  mRNA  (filled  squares,  left  axis)  preceded  the  increase  in  eNOS  protein 
expression  (open  circles,  right  axis)  but  decreased  by  3  weeks.  *P  <  0.05;  #P  <  0.01 . 


eNOS  expression  can  be  associated  with  both  protection  against 
PAH  and  development  of  PAH,  depending  on  the  model  and  time 
course  (18-29).  NAC  did  not  change  expression  of  neuronal  or 
inducible  NOS  isoforms  at  3  weeks  (data  not  shown).  NAC  expo¬ 
sure  increased  whole-lung  HIMF  mRNA  expression  and  transiently 
increased  eNOS  mRNA  (Figure  2,  D  and  G).  Interestingly,  parallel 
increases  in  lung  protein  and  mRNA  were  not  observed  for  the 
expression  of  some  genes  known  to  be  upregulated  in  hypoxia  in 
vitro,  either  because  of  nonvascular  expression  measured  in  whole- 
lung  homogenates  and/ or  because  of  the  complexity  of  pathways 
involved  in  the  response  to  hypoxia  and  the  development  of  PAH 
in  vivo.  For  example,  mRNA  levels  for  VEGF-A  increased  after  3 
weeks  of  NAC  treatment  (»  =  3;  P  <  0.04;  Figure  2G),  though  there 
was  no  significant  change  in  VEGF-A  protein  levels  (Figure  2E).  On 
the  other  hand,  the  change  in  mRNA  expression  for  fibronectin  was 
not  significant  (n  =  2-5  each;  P  =  NS;  Figure  2G),  though  expres¬ 
sion  of  the  corresponding  protein  increased  (described  above;  Fig¬ 
ure  2A).  Further,  mRNA  for  glucose  transport  protein-1  (Glut-1), 
conventionally  upregulated  by  hypoxia,  did  not  increase  (n  =  3; 
P  =  NS).  Consistent  with  this  complexity,  our  time  course  analysis 


revealed  an  NAC-induced  increase  in  whole-lung  eNOS  mRNA  that 
preceded  the  NAC-induced  increase  in  eNOS  protein  expression 
but  was  transient  (Figure  2D). 

Three  weeks  of  NAC  (10  mg/ml)  did  not  affect  systemic  or 
portal  vascular  morphology  (Supplemental  Data;  supplemen¬ 
tal  material  available  online  with  this  article;  doi:10.1172/ 
JCI29444DS1)  or  hemoglobin  (Hb)  (12.5  ±  0.64  g/dl  after  NAC 
treatment  versus  12.1  ±  0.65  g/dl  in  controls).  Likewise,  3  weeks 
of  oral  SNOAC  (1  mM)  did  not  affect  the  systemic  or  portal  vas¬ 
culature  (Supplemental  Data). 

NAC  is  converted  to  SNOAC  in  vivo  and  during  erythrocytic  deoxygen¬ 
ation  in  vitro  and  in  vivo.  The  chemical  mechanisms,  including  both 
inhibition  of  nitrosative/oxidative  stress  (30-32)  and  NO  transfer 
chemistry  (1,  33),  by  which  NAC  could  cause  PAH  were  investi¬ 
gated.  NAC  did  not  affect  pulmonary  vascular  immunostaining 
for  3-nitrotyrosine  (Supplemental  Data),  suggesting  that  its  ability 
to  cause  PAH  was  not  simply  the  result  of  tissue  injury  associated 
with  altered  nitrosative  or  oxidative  stress. 

In  contrast,  the  ratio  of  total  erythrocytic  S-nitrosothiol  con¬ 
centration  to  Hb  (SNOrbc)  (11)  in  NAC-treated  mice  (1.0  x  10~4  ± 
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Figure  3 

SNOAC  is  formed  from  NAC  in  blood  ex  vivo  and  in  vivo.  (A)  The  SNOrbC  in  heparinized  LV  blood  (black  bars),  measured  by  reductive  chemilu¬ 
minescence  (11),  was  lower  than  normal  following  3  weeks  of  treatment  with  10  mg/ml  NAC  (n  =  3-4  each).  In  the  same  mice,  plasma  SNOAC 
levels  (gray  bars;  measured  by  MS)  increased  from  undetectable  to  approximately  2  pM  over  the  same  time  (*P  <  0.05).  (B)  Serum  SNOAC, 
measured  by  MS,  formed  in  NAC-treated  mice  (3  weeks).  Left:  liquid  chromatogram;  right:  MS  spectrum.  NAC-treated  mice  had  a  SNOAC  peak 
(m/z  1 93;  red)  coeluting  with  ,5N-labeled  SNOAC  standard  (m/z  1 94;  black)  that  was  absent  in  untreated  animals  (green)  and  was  not  detected  in 
NAC-treated  mice  after  serum  pretreatment  with  HgCI2  to  displace  NO+  from  the  thiolate  (blue).  (C)  Oxygenated  erythrocytes  were  deoxygenated 
ex  vivo  (argon;  ref.  1 1)  in  the  presence  of  100  uM  NAC;  supernatant  SNOAC  was  measured  by  MS  (above).  SNOAC  concentration  increased 
with  oxyhemoglobin  (Oxy  Hb)  desaturation  (co-oximetry:  inset),  being  maximal  at  59.3%  saturation  (blue),  less  at  77.2%  saturation  (green), 
and  undetectable  at  98%  saturation.  (D)  SNOAC  (filled  circles)  accumulated  as  the  concentration  of  S-nitrosothiol-modified  Hb  (SNOHb;  open 
circles)  and  oxyhemoglobin  saturation  (Hb  S02;  blue  line)  both  decreased  in  heparinized  whole  blood  using  argon  with  5%  C02  (pH  7.3)  in  a 
tonometer.  Both  the  increase  in  SNOAC  and  the  loss  of  SNOrbc  between  0  and  20  minutes  were  significant  (P  <  0.01  by  ANOVA  followed  by 
pairwise  comparison  to  the  maximum  value;  n  =  3).  #SNOAC  levels  were  below  the  limit  of  detection  when  the  oxyhemoglobin  saturation  was 
greater  than  80%. 


0.7  x  10  4;  n  =  4)  was  lower  than  that  in  control  animals  (3.7  x  10~4 
±  3.2  x  10~4;  n  =  3;P  <  0.05;  Figure  3A).  Decreased  SNOrbc  content 
in  NAC-treated  mice  could  be  expected  if  the  NO  group  on  eryth¬ 
rocytic  protein  thiols  were  transferred  (1,  33)  to  NAC  according  to 
the  reaction:  protein-S-NO  +  NAC  -»  protein-SH  +  SNOAC.  There¬ 
fore,  the  formation  of  plasma  SNOAC  was  assayed  by  MS.  SNOAC 
was  identified  in  the  RV  plasma  of  the  NAC-exposed  animals 
(1.6  ±  0.9  pM  versus  0  [xM  in  unexposed  animals;  P  =  0.04;  Fig¬ 
ure  3A),  a  finding  confirmed  both  by  coelution  with  15N-labeled 
SNOAC  and  by  NO  displacement  from  the  S-nitrosothiol  bond 
using  HgCl2(ll)  (Figure  3B).  SNOAC  was  not  detected  in  the  LV 


of  NAC-treated  animals  (n  =  7).  Moreover,  ex  vivo  human  blood 
deoxygenation  in  the  presence  of  NAC  in  a  tonometer  (in  nitro¬ 
gen  with  5%  C02;  pH  maintained  at  7.3;  ref.  1 1)  resulted  in  both 
loss  of  SNOrbc  content  and  a  nearly  stoichiometric  formation  of 
SNOAC  (n  =  3;  P  <  0.05  by  ANOVA  followed  by  pairwise  compari¬ 
son  with  the  maximal  value;  Figure  3,  C  and  D).  The  concentration 
of  SNOAC  increased  as  the  fraction  of  oxygenated  Hb  decreased 
in  intact  erythrocytes  ex  vivo  (Figure  3D).  There  was  no  transfer 
from  erythrocytes  to  NAC  when  blood  was  maintained  at  100% 
saturation  for  15  minutes  (total  SNOrbc  was  2.1  x  10~4  ±  0.7  x  10~4 
initially  and  2.0  x  10~4  ±  0.6  x  10~4  at  15  minutes;  SNOAC 
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Figure  4 

SNOAC  recapitulates  in  primary  pulmonary  arterial  endothelial  cells  the  hypoxia- 
mimetic  whole-lung  effect  of  chronic  NAC  administration  on  Sp3  expression  in 
vivo.  (A)  One  micromolar  SNOAC,  but  not  50  11M  NAC,  treatment  (4  hours  each) 
increased  intracellular  S-nitrosothiol  levels  (assayed  by  Cu/cysteine  chemilu¬ 
minescence;  ref.  11)  in  primary  murine  pulmonary  endothelial  cells  (*P  <  0.05 
compared  with  SNOAC  treatment).  (B)  Immunoblot  showing  increased  Sp3 
expression  relative  to  MAPK  in  the  whole-lung  homogenates  of  mice  treated  for 

3  weeks  with  10  mg/ml  NAC  but  not  in  those  of  control  mice.  By  densitometry, 
this  increase  was  significant  (P  <  0.01).  (C)  Paradoxically,  however,  NAC  (50  yM; 

4  hours)  did  not  increase  Sp3  expression  relative  to  (5-actin  in  primary  murine  pul¬ 
monary  endothelial  cells  in  vitro,  while  both  SNOAC  (1  |xM;  4  hours)  and  hypoxia 


(10%;  4  hours)  did. 

assayed  by  MS  was  undetectable).  These  findings  are  consistent 
with  evidence  that  SNOrbc  distribution  is,  in  part,  dependent  on 
oxyhemoglobin  saturation  (3,  11,  12)  and  that  thiols  accelerate 
the  desaturation-induced  loss  of  SNOrbc  content  (11).  SNOAC 
formation  was  pseudo-first  order  (in  excess  NAC)  and  relatively 
slow  (k  -5.3  x  1CL 10  M/s). 

We  also  considered  that  NAC  could  be  converted  to  circulating 
SNOAC  by  reacting  with  NO  in  endothelial  cells.  S-Nitrosothiol 
concentrations  in  whole-cell  lysates  (43  ±7.3  nM)  were  not  increased 
by  4  hours’  exposure  to  50  [xM  NAC  in  the  presence  of  5  pM  exog¬ 
enous  NO  (45  ±3.1  nM;  P  =  NS;  n  =  3).  However,  cellular  levels  were 
increased  by  exposure  to  5  pM  SNOAC  (2.0  ±  0.4  pM;  n  =  3;  P  <  0.05 
when  compared  with  NAC  alone  and  control;  Figure  4A). 

eNOS-deficient  mice  are  protected  from  the  hypoxia-mimetic  effects  of 
NAC.  eNOS  is  proposed  to  be  important  for  maintaining  SNOrbc 
content  (34).  We  studied  NAC-induced  PAH  in  eNOS~/~  mice.  The 
SNOrbc  content  of  these  mice  was  0.39  x  1CF4  ±  0.15  x  10~4  (nearly 
a  log  order  lower  than  in  wild-type  mice;  P  =  0.004).  At  baseline, 
eNOS7-  mice  had  slight  increases  in  RV  pressure  and  RV  weight 
relative  to  those  of  the  wild-type  background  (C57BL/6)  mice,  as 
reported  previously  (refs.  27-29;  Figure  1,  A  and  B).  Strikingly, 
eNOS-deficient  mice  were  completely  protected  from  NAC- 
induced  PAH  —  suggesting  that  the  chronic  effects  of  NAC  to 
increase  PAH  are  eNOS  dependent  —  but  they  were  not  protected 
from  SNOAC-induced  PAH  (Figure  1,  A  and  B). 

NAC  could  cause  PAH  in  eNOS-replete  mice  by  depleting 
endothelial  NO  or  depleting  eNOS-derived  SNOrbc  (ref.  34;  Fig¬ 
ure  3).  However,  (a)  NAC  was  not  converted  to  SNOAC  in  eNOS- 
replete  pulmonary  endothelial  cells  in  culture,  even  in  the  presence 
of  exogenous  NO;  (b)  SNOrbc  levels  in  eNOS~/~  mice  at  baseline 
were  lower  than  those  in  wild-type,  NAC-treated  mice;  and  (c) 
SNOAC  caused,  rather  than  ameliorating,  PAH  in  eNOS%  mice. 
Therefore,  SNOAC  excess,  rather  than  endothelial  NO  or  SNOrbc 
depletion,  appears  most  likely  to  have  caused  PAH  in  our  model. 


Chronic  GSNO  exposure  in  normoxia  does  not  cause  PAH. 
GSNO  is  an  endogenous  S-nitrosothiol  that  is  similar  to 
SNOAC  in  the  kinetics  of  its  homolytic  decomposition 
(35).  Normoxic  C57BL/6/129SvEv  mice  receiving  1  mM 
GSNO  in  their  drinking  water  for  3  weeks  did  not  develop 
PAH  as  measured  by  any  parameter  (n  =  3  in  the  GSNO 
group  and  20  in  the  untreated  control  group;  P  =  NS). 

The  molecular  effects  ofS-nitrosothiols  in  vitro  are  hypoxia 
mimetic  and  recapitulate  whole-lung  effects  of  NAC  in  vivo. 
S-Nitrosothiols  can  have  hypoxia-mimetic  gene-regu¬ 
latory  effects  involving  the  expression  of  transcrip¬ 
tion  factors  relevant  to  pulmonary  vascular  disease, 
including  the  hypoxia-inducible  factor  (HIF)  (5,  13) 
and  specificity  protein  (Sp)  families  (14).  HIF  1,  HIF  2, 
Spl,  and  Sp3  are  involved  in  regulating  the  expression 
of  the  genes  upregulated  in  the  lungs  of  mice  treated 
chronically  with  NAC  (9,  16,  17,  24,  25,  36).  Because 
the  expression  and  activity  of  the  HIF  and  Sp  families 
are  affected  by  S-nitrosothiols  in  vitro  (5,  13,  14,  37, 
38),  we  tested  whether  chronic  NAC  or  SNOAC  could 
affect  their  pulmonary  expression  in  mice.  Interesting¬ 
ly,  NAC  increased  whole-lung  Sp3  expression  in  vivo 
but  not  in  primary  pulmonary  vascular  endothelial 
cells  in  vitro  (Figure  4,  B  and  C).  SNOAC,  on  the  other 
hand,  increased  both  intracellular  S-nitrosothiol  levels 
and  nuclear  Sp3  expression  in  primary  murine  pulmo¬ 
nary  vascular  endothelial  cells  (Figure  4,  A  and  C).  Thus,  con¬ 
version  of  NAC  to  SNOAC  (as  shown  in  Figure  3)  could  be  one 
explanation  for  the  paradox  that  NAC  can  increase  Sp3  expres¬ 
sion  in  vivo  but  not  in  vitro. 

Similarly,  NAC  increased  HIF  1  activity  in  whole-lung  extracts 
in  vivo  (Figure  5A),  though  NAC  suppresses  upregulation  of  HIF 
la,  the  oxygen-labile  subunit  of  HIF  1,  by  both  substance  P  (31) 
and  by  oxidized  low-density  lipoprotein  (32)  in  vitro.  As  with  Sp3, 
conversion  of  NAC  to  SNOAC  may  help  to  explain  this  paradox: 
SNOAC  and  hypoxia,  but  not  NAC,  increased  HIF  la  expression, 
relative  to  [5  actin,  in  primary  pulmonary  vascular  endothelial  cells 
in  vitro  (Figure  5B).  This  is  consistent  with  previous  work  show¬ 
ing  HIF  la  stabilization  by  GSNO  (5,  13);  indeed,  we  found  that 
GSNO  reduced  HIF  la  monoubiquitination  in  bovine  pulmonary 
arterial  cells  (BPAECs)  expressing  HA-tagged  HIF  la  and  a  his¬ 
tidine-tagged,  dominant-negative  ubiquitin  that  stops  ubiquitin 
chain  propagation  (K48R  DN-Ub)  (Figure  5C). 

Mechanisms  by  which  S-nitrosothiols  inhibit  HIF  la  ubiquitina- 
tion  and  degradation  are  complex,  involving  both  NO-radical  reac¬ 
tions  and  transnitrosation  reactions  (1,  5,  13,  37-40).  Low-micro- 
molar  SNOAC  levels  derived  from  NAC  in  vivo  (Figure  3)  would 
not  generate  concentrations  of  intravascular  NO  radical  relevant  to 
endothelial  gene  regulation  (38)  in  the  presence  of  millimolar  con¬ 
centrations  of  intravascular  Hb  (41);  therefore,  signaling  through 
transnitrosation  chemistry  would  seem  more  likely  to  be  relevant 
to  our  in  vivo  model.  NO  transfer  between  thiols  could  stabilize 
HIF  la  through  effects  on  prolyl  hydroxylase,  Akt  signaling,  and 
HIF  la  itself  (13,  37-43).  In  addition,  GSNO  modifies  E3  ubiqui¬ 
tin  ligases  through  transnitrosation  (44).  Both  SNOAC  (Figure  5D) 
and  GSNO  (data  not  shown)  inhibit  the  coimmunoprecipitation 
of  HIF  la  with  its  E3  ligase,  von  Hippel-Lindau  protein  (pVHL) 
(45)  in  COS  cells  overexpressing  both  FLAG-tagged  pVHL  and  HA- 
tagged  HIF  la.  Strikingly,  SNOAC  S-nitrosylated  native  pVHL  in 
HeLa  cells  (Figure  5E),  and  SNOAC  and  GSNO  increased  pVHL 


2596 


The  Journal  of  Clinical  Investigation  http://www.jci.org  Volume  117  Number  9  September  2007 


research  article 


A  nac  - 

HIF  la  - 
Cold  probe  - 
ss  - 
HIF  1- 


D  FLAG-pVHL  +  + 

HA-HIF  la  +  +  + 

G  -  - _ + 

—  .  .IP:  FLAG 
-  M  W  IB:  HIF  la 

◄  HIF  la  (input) 
4  pVHL  (input) 


E  SNOAC  -  + 

Ascorbate  +  + 


BtP 

❖  ^  4T  * 

HIF  1a»  -  —  -a 

P-Actin> 


HA-HIF  la - +  +  +  +  + 

DN-Ub - +  +  +  +  + 

Treatment  hgnhhgnn 


•«SNO-pVHL 


F  pVHL  - 
SNOAC  + 


pVHL 

SNOAC 

pVHL 

G 


-  +  + 

-  +  — 


HIF  !«► 


•■■ii 


pVHL  ~ 
G  " 


•*SNO-pVHL 

mm  mm  <  pVHL  (Input) 

+  + 

-  + 

- ^  «SNO-pVHL 

+  + 

-  + 

—  ■*  pVHL  (input) 


HIF  la, 
input 


|RHN 


G 

SNO-pVHL> 
pVHL  ► 

MAPK  t  “ 


WT 


C77S 


C162S  C77S/C162S 


Figure  5 

S-Nitrosothiols  prevent  normoxic  ubiquitination  and  degradation  of  HIF  la.  (A)  NAC  treatment  (10 
mg/ml;  3  weeks)  increased  whole-lung  HIF  1-DNA  binding  activity.  Complexes  were  supershifted 
(ss)  with  anti-HIF  1  (5  and  eliminated  with  excess  cold  probe  (P).  (B)  SNOAC  (1  pM),  like  GSNO  (5, 
13,  38),  increased  normoxic  HIF  la  expression  in  nuclear  extracts  isolated  from  primary  murine 
pulmonary  endothelial  cells.  NAC  alone  (50  p,M)  did  not  affect  HIF  la  expression.  p-Actin  was  used 
as  a  protein  load  control.  (C)  In  BPAECs  transfected  with  HA-tagged  HIF  la  and  dominant-negative 
His-6-Myc-tagged  ubiquitin  (DN-Ub),  ubiquitinated  proteins  were  isolated  using  a  nickel  column 
and  immunoblotted  for  HIF  la.  Both  hypoxia  and  GSNO  (G;  10  iiM)  inhibited  HIF  la  ubiquitination 
relative  to  normoxia.  (D)  In  COS  cells  cotransfected  with  HA-tagged  HIF  la  and  FLAG-tagged 
pVHL,  GSNO  (10  pM)  prevented  the  coimmunoprecipitation  of  HIF  la  with  pVHL.  (E)  S-nitrosyl- 
ation  of  pVHL  by  SNOAC  (5  pM)  in  equal  protein  aliquots  isolated  from  HeLa  cells  was  identified  by 
biotin  substitution  (49);  in  the  absence  of  ascorbate,  S-nitrosylated  pVHL  was  not  detected.  (F)  Sim¬ 
ilarly,  SNOAC  and  GSNO  (5  pM)  increased  pVHL  S-nitrosylation  in  pVHL-overexpressing  786-0 
cells.  (G)  Cl 62,  but  not  C77,  was  identified  by  biotin  substitution  to  be  S-nitrosylated  in  BPAECs 
transfected  with  wild-type  cysteine  77  to  serine  mutant  (C77S),  C162S,  or  combined  C77S/C162S 
pVHL  exposed  to  SNOAC  (1  uM).  Native  pVHL  and  MAPK  immunoblots  represented  the  pVHL 
expression  and  protein  load  controls,  respectively.  All  in  vitro  treatments  were  for  4  hours. 


S-nitrosylation  in  786-0  cells  stably  overexpressing  pVHL  (45),  in 
which  baseline  NOS  activity  and/or  NO  transfer  reactions  (1)  also 
resulted  in  baseline  pVHL  S-nitrosylation  (Figure  5F).  Therefore, 
we  studied  the  2  potential  pVHL  S-nitrosylation  targets  (C77  and 
062;  refs.  45,  46).  In  BPAECs  transiently  transfected  with  wild- 
type  pVHL  or  with  cysteine-to-serine  mutants  C77S,  C162S,  or 
C77S/C162S,  mutation  of 062  eliminated  SNOAC-induced  pVHL 
S-nitrosylation  (Figure  5G),  consistent  with  evidence  that  062  is 
required  for  pVHL  to  bind  elongin  C  and  ubiquitinate  HIF  la  (46). 
Note  that  this  effect  could  also  reflect  S-nitrosylation  of  a  protein 
interacting  with  pVHL  062.  Taken  together,  these  data  suggest 
that  one  element  of  the  mechanism  by  which  S-nitrosothiols  may 
be  hypoxia-mimetic  involves  prevention  of  HIF  la  ubiquitination, 
possibly  through  S-nitrosylation  of  pVHL  062.  Additional  stud¬ 


ies  are  needed  to  determine  the  extent 
to  which  each  mechanism  is  involved  in 
the  hypoxia-mimetic  vascular  effects  of 
SNOAC  in  vivo. 

Discussion 

In  vitro  evidence  has  suggested  that 
NO  transfer  reactions  occurring  dur¬ 
ing  erythrocyte  deoxygenation  may  sig¬ 
nal  hypoxia  (3-5,  11,  12).  However,  the 
relevance  of  these  reactions  to  hypox¬ 
ia-associated  processes  at  the  whole- 
organism  level  has  not  previously  been 
directly  demonstrated.  Here,  we  used 
the  pharmaceutical  antioxidant  NAC  as 
a  bait  reactant  to  study  this  biochem¬ 
istry  in  vivo.  We  report  that  chronic 
NAC  administration  to  normoxic  mice 
can  cause  increased  RV  pressure,  RV 
hypertrophy,  and  pulmonary  vascular 
remodeling  that  are  indistinguishable 
from  the  effects  of  chronic  hypoxia. 

NAC  must  be  converted  to  SNOAC  to 
cause  PAH.  Several  observations  suggest 
that  the  chronic  pulmonary  vascular 
effects  of  NAC  require  conversion  of 
NAC  to  SNOAC.  To  begin  with,  chronic 
treatment  with  both  NAC  and  SNOAC 
caused  PAH  (Figure  1).  Thus,  PAH  must 
have  resulted  from  1  of  4  pathways:  (a) 
NAC  was  converted  to  SNOAC  to  cause 
PAH;  (b)  SNOAC  was  converted  to 
NAC  to  cause  PAH;  (c)  both  NAC  and 
SNOAC  caused  PAH,  each  by  a  separate 
mechanism;  or  (d)  the  generation  of  a 
third  metabolite  from  both  NAC  and 
SNOAC  caused  PAH. 

Second,  eNOS“/~  mice  had  decreased 
circulating  SNOrbc  content  and  were 
protected  from  NAC-induced  PAH 
but  were  not  protected  from  SNOAC- 
induced  PAH.  These  data  suggest  that 
SNOAC  formation  from  high  concen¬ 
trations  of  NAC  and  eNOS-derived  NO, 
rather  than  reduction  of  lower  concen¬ 
trations  of  SNOAC  to  NAC,  was  neces¬ 
sary  for  the  development  of  PAH.  They  suggest  that  neither  NAC 
alone  nor  a  common  NAC/SNOAC  metabolite  causes  PAH. 

Third,  we  identified  an  oxyhemoglobin  saturation-dependent 
mechanism  by  which  NAC  was  converted  to  SNOAC  under  physi¬ 
ological  conditions  in  blood.  SNOAC  concentrations,  measured  by 
MS,  increased  with  the  loss  of  SNOrbc  content  during  whole-blood 
deoxygenation  in  the  presence  of  NAC  ex  vivo  (Figure  3),  consistent 
with  previously  reported  NO  transfer  from  deoxygenated  erythro¬ 
cytes  to  GSH  to  form  GSNO  (3).  Neither  SNOAC  nor  GSNO  (3) 
were  formed  in  the  presence  of  oxygenated  blood:  deoxygenation 
was  necessary.  Alternative  mechanisms  by  which  NAC  could  be 
converted  to  SNOAC  involve  reactions  in  which  NO  radical  either: 
(a)  is  oxidized  in  nonerythrocytic  cells  to  an  NO*  equivalent  —  a 
slow  reaction  under  physiological  conditions  —  that,  in  turn,  reacts 
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with  NAC  thiolate;  or  (b)  reacts  directly  with  NAC  as  a  thiyl  radi¬ 
cal.  These  mechanisms  are  not  kinetically  favored  in  the  context  of 
competing  reactions  with  excess  heme  or  in  the  setting  of  hypoxia 
(1,11, 40),  and  they  were  not  observed  experimentally  in  the  current 
study:  NAC  had  minimal  reactivity  with  endogenous  or  exogenous 
endothelial  NO.  Taken  together,  these  data  suggest  that  erythro¬ 
cyte  deoxygenation  resulted  in  conversion  of  NAC  to  SNOAC. 

Fourth,  NAC  given  systemically  to  the  mice  was  converted  to 
SNOAC  in  vivo,  as  identified  by  MS  in  RV  (deoxygenated)  blood. 
Levels  of  SNOAC  were  undetectable  in  LV  (oxygenated)  blood, 
suggesting  that  SNOAC  was  lost  across  the  pulmonary  vascula¬ 
ture  and/or  (consistent  with  our  data)  not  formed  from  NAC  in 
the  presence  of  oxygenated  erythrocytes.  Further,  chronic  NAC 
administration  depleted  SNOrbc  content  in  vivo  (Figure  3).  Thus, 
the  transnitrosation  of  an  NO+  equivalent  from  erythrocyte  to 
NAC  can  explain  SNOAC  formation  from  NAC  in  vivo,  consistent 
with  previous  observations  (3,  11). 

Note  that  these  data,  coupled  with  evidence  that  low  levels  of 
NO  radical  react  minimally  with  thiols  in  isolated  endothelial 
cells  and  in  oxygenated  erythrocytes,  argue  against  a  model  in 
which  NAC  causes  PAH  simply  by  depleting  endothelial  NO. 
They  also  argue  against  a  model  in  which  SNOrbc  depletion  causes 
NAC-associated  PAH.  Humans  with  hypoxia-associated  PAH  are 
deficient  in  S-nitrosothiol-modified  Hb  (34);  the  relevance  of  this 
deficiency  to  PAH  in  hypoxic  humans  is  not  contradicted  by  our 
data.  Indeed,  we  show  that  eNOS-/-  mice  have  a  modest  baseline 
increase  in  PA  pressure  associated  with  SNOrbc  depletion.  Howev¬ 
er,  chronic  SNOAC  treatment  itself  caused  PAH  in  excess  of  that 
caused  by  SNO,bc  depletion. 

Last,  NAC-derived  SNOAC  is  hypoxia-mimetic  at  the  cellular 
level,  whereas  NAC  itself  opposes  cellular  effects  associated  with 
hypoxia  (31,  32).  SNOAC  increases  S-nitrosothiol  levels  in  pri¬ 
mary  pulmonary  vascular  endothelial  cells  (Figure  4).  S-nitroso- 
thiols  can  upregulate  hypoxia-associated  genes  in  vitro  through 
HIFs  and/or  Sp’s  (5,  13,  14,  38).  In  whole-lung  homogenates, 
significant  increases  in  mRNA  and  protein  expression  for  genes 
associated  with  hypoxic  pulmonary  vascular  remodeling  were  not 
uniform.  This  may  reflect  the  use  of  whole-lung  homogenates 
and  the  expression  of  genes  in  nonvascular  cells.  Nevertheless, 
mRNA  and  protein  expression  increased  for  several  genes  reg¬ 
ulated  by  HIF  1,  Sp3,  and  other  hypoxia-associated  factors.  In 
the  NAC-treated  animals,  it  is  unlikely  that  these  effects  on  gene 
expression  represented  an  effect  of  NAC  alone:  NAC  (a)  prevents 
hypoxia-mimetic  cell  injury  in  the  absence  of  erythrocytes  in  vitro 
(31,  32);  (b)  did  not  cause  PAH  in  the  eNOS-/-  mice  (Figure  1); 
and  (c)  did  not  increase  Sp3  or  HIF  la  expression  in  vitro  (Fig¬ 
ures  4  and  5).  Taken  together,  these  data  suggest  that  conversion 
of  NAC  to  SNOAC  was  necessary  for  the  hypoxia-mimetic  effects 
of  chronic,  systemic  NAC  exposure. 

Mechanisms  by  which  S-nitrosothiols  could  be  hypoxia  mimetic  at  the  cel¬ 
lular  level.  SNOAC  could  interact  with  cellular  proteins  to  cause 
pulmonary  vascular  remodeling  through:  (a)  homolytic  cleavage 
to  form  NO  radical,  which  reacts  downstream  with  cellular  free 
radicals  or  heme  groups  according  to  diffusion-limited  kinetics; 
or  (b)  transnitrosation  reactions,  in  which  NO  is  transferred  to  a 
target  cysteine  thiol,  conventionally  represented  as  a  covalent  NO+ 
transfer  between  thiolate  anions  (1).  The  interactions  of  S-nitroso¬ 
thiols  with  gene-regulatory  proteins  such  as  HIF  la  are  complex 
and  likely  involve  both  NO  radical  chemistry  and  transnitrosation 
chemistry  (38).  In  the  context  of  hypoxia  and/or  oxidative  stress  in 


vitro,  both  NAC  alone  and  S-nitrosothiol-derived  NO  radical  can 
affect  HIF  1  activation  through  mechanisms  involving  consump¬ 
tion  of  free  radicals  (38,  40).  However,  transnitrosation  chemistry 
may  be  more  relevant  to  our  in  vivo  model  because  plasma  S-nitro- 
sothiols  likely  evolve  little  or  no  bioavailable  NO  radical  in  the 
presence  of  blood  (1,  11,  41). 

There  are  several  potential  targets  of  transnitrosation  chemis¬ 
try  by  which  S-nitrosothiols  might  affect  hypoxia-associated  gene 
regulation.  HIF  la  and  prolyl  hydroxylases  could  be  modified 
by  transnitrosation  chemistry  (37-39);  and  there  may  be  targets 
in  the  Akt  signaling  cascade  (13).  Our  results  demonstrate  that 
pVHL  is  also  a  target  for  S-nitrosylation.  This  posttranslational 
modification  of  pVHL  appears  to  alter  pVHL-HIF  la  interaction 
and  decrease  HIF  la  ubiquitination.  Of  pVHL’s  2  critical  reac¬ 
tive  cysteines,  our  data  suggest  that  C162,  which  is  necessary  for 
the  interaction  of  pVHL  with  elongin  C  within  the  HIF-E3  ligase 
complex  (46,  47),  is  the  likely  target  for  S-nitrosylation.  Addi¬ 
tional  work  will  be  required  to  determine  which  mechanisms  are 
the  most  important  determinants  of  the  hypoxia-mimetic  cellular 
effects  of  SNOAC  in  our  in  vivo  model. 

Specific  pulmonary  effect  of  SNOAC.  Oral  administration  of  GSNO, 
an  endogenous  S-nitrosothiol  (35)  formed  during  erythrocyte 
deoxygenation  (3),  did  not  cause  PAH,  though  GSNO  has  hypoxia- 
mimetic  effects  in  vitro  (5, 13,  14).  This  suggests  that  GSNO  toxic¬ 
ity  is  prevented  by  mechanisms  that  may  be  bypassed  by  SNOAC. 
GGT  cleaves  GSNO  to  S-nitrosocysteinyl  glycine  and  glutamate, 
serving  as  a  gatekeeper  in  certain  cells  to  regulate  intracellular 
GSNO  effects  (3).  SNOAC  can  bypass  this  regulation.  However, 
pulmonary  vascular  endothelial  cells  express  functional  GGT  (5). 
Therefore,  we  propose  that  the  pulmonary  vasculature  is  protected 
from  oral  GSNO,  in  part,  by  gastrointestinal  GSNO  metabolism 
(6).  Additionally,  NAC  and  SNOAC  did  not  affect  the  kidney  or 
liver;  systemic  vascular  beds  may  be  insensitive  to  SNOAC. 

Alternatively,  slow  transnitrosation  kinetics  (Figure  3)  may  cause 
SNOAC  to  be  formed  only  gradually  as  hypoxic  systemic  blood 
returns  to  the  right  heart,  favoring  an  effect  of  SNOAC  on  the  pul¬ 
monary  vascular  bed,  where  it  is  consumed  before  returning  to  the 
systemic  circulation.  However,  mice  fed  SNOAC  for  3  weeks  at  a 
dose  that  caused  PAH  had  no  change  in  portal  histology.  Therefore, 
we  speculate  that  the  pulmonary  vascular  bed  is  selectively  sensitive 
to  SNOAC,  perhaps  reflecting  differential  pulmonary  expression  of 
S-nitrosothiol  metabolic  enzymes  (6).  In  this  regard,  the  pulmonary 
vascular  bed  is  susceptible  to  remodeling  in  the  face  of  increased 
flow,  chronic  inflammation,  and  chronic  hypoxia  (7);  each  of  these 
conditions  could  lead  to  increased  S-nitrosothiol  delivery  to  the 
lung.  A  fuller  understanding  of  regional  S-nitrosothiol  metabolism, 
perhaps  in  animals  in  which  long-term  intra-arterial  S-nitrosothiols 
can  be  delivered,  will  likely  prove  to  be  important. 

The  role  of  eNOS  in  this  model  of  PAH.  eNOS  has  been  reported  to 
have  opposing  roles  in  PAH  (18-21,  26-29).  An  increase  in  pul¬ 
monary  eNOS  expression,  described  in  certain  species  early  in  the 
course  of  PAH,  may  have  a  compensatory  pulmonary  vasodila¬ 
tor  role.  Consistent  with  this  paradigm,  we  observed  a  transient 
increase  in  eNOS  mRNA  as  well  as  a  later  increase  in  eNOS  protein 
in  PAH.  On  the  other  hand,  the  upregulation  of  eNOS  protein 
could  also  represent  a  feed-forward  mechanism  by  which  SNOAC 
worsens  pulmonary  vascular  remodeling,  since  eNOS7-  mice  were 
protected  from  NAC-induced  PAH. 

The  role  of  eNOS  in  chronic  PAH  certainly  involves  effects  in 
addition  to  an  eNOS-associated  increase  in  S-nitrosothiol  deliv- 
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Table  1 

Primers  used  for  PCR  experiments 

Gene 

Primers 

HIMF(  51) 

Forward:  5'-GGTCCCAGTGCATATGGATGAGACCATAGA-3' 
Reverse:  5'-CACCTCTTCACTCGAGGGACAGTTGGCAGC-3' 

VEGF-A  (52) 

Forward:  5'-CTCTACCTCCACCATGCCAAG-3' 

Reverse:  5'-GGTACTCCTGGAGGATGTCCACC-3' 

Glut-1  (53) 

Forward:  5'-GGTGTGCAGCAGCCTGTGTA-3' 

Reverse:  5'-AAATGAGGTGCAGGGTCCGT-3' 

el\IOS 

Forward:  5'-AAGACAAGGCAGCGGTGGAA-3' 

Reverse:  5'-GCAGGGGGACAGGAAATAGTT-3' 

ery  to  the  pulmonary  vascular  bed:  eNOS~/~  mice  have  increased 
PA  pressure  at  baseline,  suggesting  a  role  of  eNOS  on  pulmonary 

vascular  smooth  muscle  tone.  These  potential  opposing  roles 
for  eNOS  in  regulating  pulmonary  vascular  gene  expression  and 
smooth  muscle  tone  might  help  to  explain  paradoxical  observa¬ 
tions  regarding  pulmonary  vascular  eNOS  expression  and  activity 
in  the  setting  of  PAH. 

Conclusions.  Chronic  exposure  to  NAC  and  to  SNOAC  causes 
murine  PAH.  We  propose  that  these  observations  may  be  under¬ 
stood  according  to  the  following  pathway.  In  normoxic,  NAC- 
treated  animals,  oxyhemoglobin  desaturation  in  erythrocytes 
leads  to  SNOAC  formation  in  systemic  blood  returning  to  the 
lungs.  These  reactions  require  the  presence  of  endogenous  SNOrbc 
formed,  in  part,  by  eNOS.  Formation  of  SNOAC  —  like  that  of 
GSNO,  S-nitrosothiol-AEl,  and  other  S-nitrosothiols  during 
erythrocyte  deoxygenation  —  is  dependent  on  transnitrosa- 
tion  reactions.  In  these  reactions,  an  NO+  equivalent,  protected 
from  heme  autocapture,  is  transferred  from  one  thiolate  moiety 
to  another  as  Hb  changes  conformation  during  deoxygenation 
(1,  3,  4,  11,  12).  The  demonstration  that  SNOAC  is  formed  dur¬ 
ing  blood  deoxygenation  in  vitro  is  complemented  by  the  direct 
demonstration  that  it  is  present  in  hypoxic,  but  not  normoxic, 
blood  in  vivo.  While  the  cellular  effects  of  GSNO  and  other 
S-nitrosothiols  are  regulated  (1,  3,  5,  6,  14),  delivery  of  NO  to  the 
pulmonary  endothelium  by  SNOAC  appears  to  bypass  this  regu¬ 
lation,  causing  hypoxia-mimetic  effects.  These  observations  may 
help  to  explain  hypoxia-mimetic  effects  of  systemic  NAC  therapy 
observed  in  humans  in  vivo  (48). 

The  effect  of  chronic  NAC  exposure  to  cause  pulmonary  vascu¬ 
lar  pathology  may  be  species  dependent.  It  is  reassuring  that  the 
NAC  dose  that  caused  PAH  in  mice  was  higher  than  the  hypoxia- 
mimetic  dose  used  in  humans  (48).  However,  PAH  can  be  subclini- 
cal,  even  presenting  as  a  terminal  event  (7,  8).  In  this  context,  it 
is  noteworthy  that  NAC  treatment  may  fail  to  decrease  mortality 
in  human  clinical  trials,  despite  beneficial  antiinflammatory  and 
antioxidant  effects  (30):  PAH  has  not  previously  been  considered 
as  a  NAC  toxicity.  Surveillance  for  this  toxicity  may  be  appropriate 
for  long-term  human  trials  with  NAC. 

In  summary,  these  data:  (a)  provide  the  first  in  vivo  measure¬ 
ments  to  our  knowledge  suggesting  that  NO  can  signal  erythro¬ 
cytic  oxygen  desaturation  through  S-nitrosothiol  formation;  (b) 
introduce  a  novel  murine  model  of  PAH,  one  in  which  transgenic 
animals  are  informative;  (c)  provide  one  explanation  for  previously 
reported,  hypoxia-mimetic  effects  of  NAC;  and  (d)  suggest  that 
PAH  may  be  an  unappreciated  risk  of  systemic  therapy  with  the 
pharmaceutical  antiinflammatory  and  antioxidant  agent  NAC. 


Methods 

Animal  protocols.  C57BL/6/129SvEv,  C57BL/6,  and  eNOS-/-  mice  (10-12 
weeks  old)  were  treated  in  normoxia  (21%  O2)  or  hypoxia  (10%  O2,  normo- 
baric)  as  described  (27)  with  or  without  10  mg/ml  NAC  in  the  drinking 
water  for  3  weeks  (achieving  serum  NAC  levels  of  16.2  ±  4.3  jiM  as  mea¬ 
sured  by  liquid  chromatography/MS).  The  plasma  NAC  level  at  this  dose 
was  similar  to  the  target  peak  level  in  the  human  study  of  the  hypoxia- 
mimetic  effects  of  NAC  (48),  though  the  dose  per  weight  was  approxi¬ 
mately  40-fold  higher  and  the  exposure  continuous.  Additional  mice  were 
treated  for  3  weeks  with  1  mM  SNOAC  in  the  drinking  water  (achieving 
venous  plasma  SNOAC  levels  of 350  ±  34  nM).  The  eNOS-/-  mice  used  in 
these  studies  were  on  a  C57BL/6  background,  maintained  by  our  group 
and  backcrossed  for  10  generations  (27).  Protocols  were  approved  by  the 
University  of  Virginia  Animal  Care  and  Use  Committee. 

RV pressure  measurements.  A  Millar  Mikro  Tip  catheter/ transducer  (1.4  F) 
was  inserted  through  the  external  jugular  vein  of  sedated  (5  mg/ml  pento¬ 
barbital)  mice  and  threaded  into  the  RV.  RV  pressure  was  determined  from 
the  average  of  10-12  measurements  (PulmoDyne;  Hugo  Sachs  Elektronik) 
at  a  stable  baseline  (Figure  1C). 

Immunohistochemistry,  vessel  morphometry,  and  ventricular  weight  ratio  mea¬ 
surements.  Inflated  lungs  fixed  in  10%  formaldehyde  were  assessed  for 
endothelium  and  smooth  muscle  using  antibodies  for  von  Willebrand 
factor  and  a-SMA  (A0082  and  M0851;  Dako).  Vessel  morphometry  was 
performed  (>50  vessels  per  animal)  by  an  investigator  blinded  to  the  treat¬ 
ment  group.  Muscularization  of  small  (<80-^im)  vessels  was  classified  as 
nonmuscular,  partly  muscular,  or  muscular  based  on  a-SMA  staining. 
Immunostaining  for  3-nitrotyrosine  was  performed  using  anti-nitrotyro- 
sine  antibody  (Upstate;  Supplemental  Data).  Cardiac  tissue  was  dissected 
free  from  the  great  vessels  immediately  post  mortem  and  washed  with  PBS. 
RV  tissue  was  dissected  from  the  septum  and  LV;  RV  weight  was  expressed 
as  the  ratio  RV/LV+S. 

NO  transfer  from  intact  erythrocytes  during  deoxygenation.  Oxygenated, 
heparinized  blood  in  a  septated  glass  tonometer  was  treated  with  NAC 
(100  pM)  and  deoxygenated  with  95%  argon/5%  CO2.  Serial  samples  under¬ 
went  (a)  co-oximetry;  (b)  plasma  separation  for  SNOAC  measurement  by 
MS  (see  below);  and  (c)  SNOrbc  assay  by  chemiluminescence  following 
reduction  in  a  CuCl-saturated  solution  of  1  mM  cysteine  purged  with 
blended  argon  and  CO,  as  previously  described  (11). 

Primary  cell  cultures  and  other  cell  lines.  Murine  lungs  were  harvested  in  PBS 
containing  heparin  (10  U/ml)  and  1%  penicillin/streptomycin  (Invitrogen; 
Millipore),  minced,  digested  in  0.3%  collagenase  (PBS;  37° C;  30-95  min¬ 
utes),  and  resuspended  in  DMEM  with  D-valine  (Chemicon  International; 
Millipore)  containing  20%  FCS,  10  [xM  HEPES,  2  mM  glutamine,  2  mM 
sodium  pyruvate,  1%  nonessential  amino  acids,  90  jxg/ml  heparin,  100  [Xg/ml 
endothelial  growth  cell  factor,  1%  ITS  reagent,  1%  penicillin/streptomycin, 
50  jxM  3-isobutyl- 1-methylxanthine,  50  jxM  AT-6-O-dibutyryl  cAMP  and 
1  [Xg/ml  hydrocortisone  acetate.  After  3  days’  incubation  (37° C),  cells  were 
sorted  for  Dil-Ac-LDL  uptake  (Biomedical  Technologies  Inc.).  Positive 
cells  were  cultured  for  9-12  passages.  BPAECs  were  isolated  as  previously 
described  (5).  COS  cells  were  grown  to  confluence  in  DMEM/high  glucose 
with  10%  FCS.  786-0  cells  (ATCC)  and  780-0  pVHL  (gift  from  W.  Kaelin, 
Dana  Farber  Cancer  Institute,  Harvard  University,  Boston,  Massachusetts, 
USA)  were  grown  in  RPMI. 

Immunohlotting.  Immunoblot  analysis  on  proteins  isolated  from  lung 
homogenates,  whole-cell  extracts,  and  nuclear  extracts  was  performed 
using  antibodies  against  HIFla  (Novus  Biologicals),  Sp3,  neuronal  NOS, 
VEGF-A,  MAPK  (Santa  Cruz  Biotechnology  Inc.),  HIMF  (gift  from  Dechun 
Li,  Saint  Louis  University,  St.  Louis,  Missouri,  USA),  fibronectin  (Abeam 
Inc.),  eNOS,  iNOS  (BD  Biosciences),  and  endothelin-1  (Research  Diagnos¬ 
tics  Inc.)  as  described  previously  (5,  14). 
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Biotin  substitution  of  S-nitrosothiol  bonds.  This  was  performed  according  to 
the  method  of  Jaffrey  et  al.  (49). 

EMSA.  EMSAs  were  performed  on  nuclear  extracts  using  oligonucle¬ 
otides  and  antibodies  (for  supershift)  as  described  previously  (5). 

Real-time  PCR.  Messenger  RNA  was  isolated  from  whole-lung 
homogenates  by  an  RNA  Easy  kit  (QIAGEN)  as  per  the  manufacturer’s 
instructions.  Expression  of  eNOS,  VEGF,  HIMF,  fibronectin,  and  Glut-1 
mRNA  was  assessed  by  real-time  PCR  using  the  primers  (Integrated  DNA 
Technologies  Inc.)  noted  in  Table  1.  The  RT  reaction  was  performed  using 
200  ng  RNA  under  the  following  conditions:  25  °C  for  10  minutes,  48  °C 
30  for  minutes,  and  95  °C  for  5  minutes  using  the  Reverse  Transcriptase  Kit 
(Applied  Biosystems),  as  described  by  the  manufacturer,  in  the  presence  of 
SYBR  Green  Supermix  (Bio-Rad).  PCR  cycles  for  HIMF  were:  95  °  C  for  3  min¬ 
utes,  95  °  C  for  30  seconds,  63  °  C,  72  °  C  for  30  seconds;  for  VEGF:  95  °  C  for 
3  minutes,  95  °C  for  30  seconds,  60  °C  for  1  minute,  72  °C  for  1  minute;  for 
eNOS:  95  °C  for  3  minutes,  95  °C  for  30  seconds,  58  °C  for  1  minute,  72  °C 
for  1  minute;  for  fibronectin:  95  °C  for  3  minutes,  95  °C  for  30  seconds, 
55.6  °C  for  1  minute,  72 °C  for  1  minute;  for  Glut-1:  the  same  conditions 
as  for  VEGF,  each  for  50  cycles.  Relative  gene  expression  was  determined 
according  to  Livak  and  Schmittgen  (50). 

Coimmunoprecipitation.  COS  cells  were  transiently  transfected  with 
HA-HIF-la  and  FLAG-pVHL  using  Lipofectamine  2000  (Invitrogen)  accord¬ 
ing  to  the  manufacturer’s  instructions.  Following  S-nitrosothiol  treatment, 
cells  were  lysed  in  lysis  buffer  (20  mM  Tris  pH  7.6, 150  mM  NaCl,  10%  glyc¬ 
erol,  2  mM  EDTA  1%  Triton  X-100, 1  mM  Na2V04, 1  pg/ml  leupeptin,  1  mM 
PMSF).  Lysates  were  incubated  with  Flag  M2  affinity  gel  (Sigma- Aldrich) 
(2  hours;  4°  C).  The  gel  was  washed  4  times  in  lysis  buffer.  Samples  were  eluted 
with  50  pi  2x  SDS  buffer,  heated  (100°C;  3  minutes),  and  separated  by  8% 
SDS-PAGE.  HIF  la  was  identified  by  immunoblot  (5). 

Nickel  column  isolation.  BPAECs  were  transfected  with  HA-HIF-la  and 
pCW-8,  a  His-6-Myc-tagged  ubiquitin  containing  the  K48R  mutation 
(gift  from  R.  Kopito,  Stanford  University,  Palo  Alto,  California,  USA), 
using  Lipofectamine  2000.  Untransfected  and  transfected  cells  were  grown 
in  the  absence  or  presence  of  S-nitrosothiol  (21%  O2)  or  in  10%  O2.  Cells 
were  lysed  in  the  absence  of  EDTA,  and  lysates  were  passed  over  a  ProBond 
Resin  nickel  column  (Invitrogen)  to  isolate  monoubiquitin-containing 
complexes.  Complexes  were  eluted  with  imidazole  and  separated  on  8% 
SDS-PAGE.  HIF  la  protein  was  detected  by  immunoblot. 


Site-directed  mutagenesis  ofpVHL.  pVHL  was  mutated  using  the  Quick- 
Change  Site-Directed  Mutagenesis  Kit  (Stratagene)  according  to  the  man¬ 
ufacturer’s  instructions  using  the  following  primers:  pVHL  C77S  primer  1, 
5'-CCCTCCCAGGTCATCTTCTCTAATCGCAGTCCG-3';  primer  2,  5'- 
CGGACTGCGATTAGAGAAGATGACCTGGGAGGG-3';  pVHL  C162S 
primer  1,  5'-CTGAAAGAGCGATCGCTCCAGGTTGTCCGGAGC-3'; 
primer  2, 5'-GCTCCGGACAACCTGGAGCGATCGCTCTTTCAG-3'. 

MS.  Plasma  (100  pi)  spiked  with  15N-labeled  SNOAC  was  applied  to  a 
Phenomenex  Strata  XC  33  pM  SPE  cartridge  (60  mg,  3  ml),  preequilibrated 
(and  washed  following  loading)  with  methanol/0.02%  trifluoroacetic  acid  in 
water.  Analytes  were  eluted  with  methanol  and  concentrated  under  reduced 
pressure  (0°C).  Partially  purified  samples  were  reconstituted  in  methanol, 
separated  on  a  C8  column  (5  mm,  2.1  x  150  mm)  (Waters  2695  HPLC)  with 
a  gradient  of  0.1%  formic  acid  in  water  and  methanol,  and  analyzed  by  elec¬ 
trospray  ionization  MS  using  a  Finnigan  LCQ  system.  (Finnigan  Corp.) 
SNOAC  cations  were  monitored  at  a  mass  to  charge  ratio  of  192.5-193.5. 

Statistics.  Multiple  comparisons  were  made  using  ANOVA  followed  by 
pairwise  analysis.  Individual  comparisons  were  made  by  Student’s  t  test  if 
normally  distributed;  or  otherwise  by  Mann-Whitney  rank-sum  test  (using 
SigmaStat;  Jandel).  Relative  gene  expression  by  RT-PCR  was  quantitated  as 
above  (50).  Except  where  noted,  data  are  presented  as  mean  ±  SD.  P  <  0.05 
was  considered  significant. 
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Abstract 

S-nitrosothiols  have  been  implicated  in  the  etiology  of  various  pulmonary  diseases.  Many  of  these  diseases  display  gender 
preferences  in  presentation  or  altered  severity  that  occurs  with  puberty,  the  mechanism  by  which  is  unknown.  Estrogen  has 
been  shown  to  influence  the  expression  and  activity  of  endothelial  nitric  oxide  synthase  (eNOS)  which  is  associated  with 
increased  S-nitrosothiol  production.  The  effects  of  gender  hormones  on  the  expression  and  activity  of  the  de-nitrosylating 
enzyme  S-nitrosoglutathione  reductase  (GSNO-R)  are  undefined.  This  report  evaluates  the  effects  of  gender  hormones  on 
the  activity  and  expression  of  GSNO-R  and  its  relationship  to  N-acetyl  cysteine  (NAC)-induced  pulmonary  hypertension  (PH). 
GSNO-R  activity  was  elevated  in  lung  homogenates  from  female  compared  to  male  mice.  Increased  activity  was  not  due  to 
changes  in  GSNO-R  expression,  but  correlated  with  GSNO-R  S-nitrosylation:  females  were  greater  than  males.  The  ability  of 
GSNO-R  to  be  activated  by  S-nitrosylation  was  confirmed  by:  1)  the  ability  of  S-nitrosoglutathione  (GSNO)  to  increase  the 
activity  of  GSNO-R  in  murine  pulmonary  endothelial  cells  and  2)  reduced  activity  of  GSNO-R  in  lung  homogenates  from 
eNOS  7  mice.  Gender  differences  in  GSNO-R  activity  appear  to  explain  the  difference  in  the  ability  of  NAC  to  induce  PH: 
female  and  castrated  male  animals  are  protected  from  NAC-induced  PH.  Castration  results  in  elevated  GSNO-R  activity  that 
is  similar  to  that  seen  in  female  animals.  The  data  suggest  that  GSNO-R  activity  is  modulated  by  both  estrogens  and 
androgens  in  conjunction  with  hormonal  regulation  of  eNOS  to  maintain  S-nitrosothiol  homeostasis.  Moreover,  disruption 
of  this  eNOS-GSNO-R  axis  contributes  to  the  development  of  PH. 
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Introduction 

S  nitrosylation,  a  redox  based  modification  of  a  cysteine  thiol  by 
nitric  oxide,  is  a  post  translational  modification  that  can  alter  a 
protein’s  function.  Mechanisms  that  control  the  addition  and/or 
removal  of  the  NO  group  from  cysteine  thiols  are  essential  in 
determining  the  net  effect  of  this  modification.  Formation  of 
endogenous  S  nitroso thiols  can  be  mediated  through:  1)  the  activity 
of  any  one  of  the  nitric  oxide  synthase  (NOS)  isoforms,  2)  oxidative 
reactions  generating  nitrosative  species  (for  example,  Fe+3NO, 
N203,)  or  3)  transnitrosative  reactions  (NO*  transfer)  [1  3] .  The 
production  of  S  nitrosothiols  is  opposed  by  mechanisms  mediat 
ing  de  nitrosylation  which  can:  1)  occur  non  enzymatically  via 
homolytic  or  heterolytic  cleavage,  2)  be  catalyzed  by  transition 
metal  ions  and  reactive  oxygen  species,  or  3)  occur  through 
enzymatic  degradation  [1,4],  One  specific  enzyme  that  regulat 
es  S  nitrosothiol  catabolism  is  S  nitrosoglutathione  reductase 
(GSNO  R),  a  ubiquitously  expressed  NADH  dependent  enzyme 
[2].  GSNO  R  is  responsible  for  the  breakdown  of  S  nitrosoglu 
tathione  (GSNO)  to  oxidized  glutathione  and  ammonia  [5,6]. 
Although  the  primary  substrate  for  GSNO  R  is  GSNO  [5,6],  the 
levels  of  other  S  nitrosylated  proteins  are  affected  indirectly  through 
altered  transnitrosation  equilibria  with  GSNO. 

S  nitrosothiols  have  been  implicated  in  pulmonary  diseases  such 
as  cystic  fibrosis  [3,7  9],  pulmonary  hypertension  [3,7,10,11]  and 
asthma  [3,7, 1 2, 1 3] .  All  of  these  pulmonary  diseases  display  distinct 


gender  preferences  in  presentation  or  a  change  in  disease  severity 
that  occurs  at  puberty,  the  cause  of  which  is  unknown  [14  17], 
Gender  differences  in  the  activity  and/ or  expression  of  GSNO  R 
have  been  suggested.  Gastric  activity  of  GSNO  R  may  be  a 
component  of  the  enhanced  vulnerability  of  women  to  develop 
alcohol  related  diseases  [18].  Likewise,  gender  differences  seen  in 
the  lipopolysaccharide  (LPS)  model  of  septic  shock  are  eliminated 
in  GSNO  R  knockout  mice  [6].  To  date,  the  influence  of  de 
nitrosylation  on  the  gender  predilection  of  these  lung  diseases  has 
not  been  addressed.  The  current  studies  evaluate  the  relationship 
between  gender  and  the  activity  and/ or  expression  of  GSNO  R  in 
the  lung.  The  data  demonstrate  that  GSNO  R  activity  is  elevated 
in  the  female  mouse  lung  when  compared  to  the  male.  This 
increased  activity  does  not  reflect  differences  in  GSNO  R  protein 
expression,  but  rather,  reflects  differences  both  in  endothelial  nitric 
oxide  synthase  (eNOS)  dependent  GSNO  R  S  nitrosylation  and 
androgen  exposure.  Indeed,  mice  deficient  in  eNOS  have  reduced 
GSNO  R  activity,  and  S  nitrosylation  increases  GSNO  R  activity, 
suggesting  that  estrogen  dependent  increases  in  eNOS  lead  to 
increased  GSNO  R  activity  in  the  female  lung,  protecting  against 
excessive  S  nitrosylation.  Lastly,  this  gender  discordance  in  the 
eNOS/GSNO  R  axis  is  relevant  to  pulmonary  biology.  Female 
mice  are  protected  from  the  physiological  effects  mediated  by  the 
conversion  of  N  acetyl  cysteine  (NAC)  to  S  nitroso  N  acetyl 
cysteine  (SNOAC)  in  vivo,  despite  increased  eNOS  expression. 
However,  they  develop  hypoxia  mimetic  pulmonary  hypertension 
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(PH)  in  response  to  chronic  SNOAC  exposure  like  their  male 
littermates.  This  observation  may  have  implications  for  human 
disease.  For  example,  increased  eNOS  expression  in  females  could 
predispose  them  to  PH  if  the  counter  regulatory  GSNO  R 
response  is  abnormal. 

Results 

GSNO-R  activity,  not  protein  expression,  is  greater  in  lung 
homogenates  of  female  than  male  mice 

Initial  studies  evaluated  the  activity  and  expression  of  GSNO  R 
in  lung  homogenates  in  male  and  female  mice.  GSNO  R  activity 
was  evaluated  using  liquid  chromatography/mass  spectroscopy 
(LC/MS).  GSNO  R  activity  measured  by  LC/MS  was  signifi 
cantly  higher  in  adult  (10  12  w)  female  animals  compared  to  their 
corresponding  adult  male  counterparts  (Figure  1  A).  Similar  gender 
specific  differences  (2  3  fold)  were  detected  when  GSNO  R 
activity  was  measured  by  GSNO  dependent  NADH  consumption 
or  modified  Saville  Assay  (Tables  1,2,3)  In  contrast,  no  significant 
differences  in  GSNO  R  activity  were  seen  in  the  lungs  of  young 
(4  w)  male  and  female  animals  (Figure  IB).  To  determine  if  this 
gender  difference  was  specific  for  the  lung,  GSNO  R  activity  was 
measured  in  the  liver  and  the  kidney.  Unlike  the  lung,  no  gender 
specific  differences  in  GSNO  R  activity  were  seen  in  either  tissue 
(Tables  1  and  2).  To  determine  if  the  differences  in  GSNO  R 
activity  in  the  adult  murine  lung  were  due  to  changes  in  protein 
expression,  Western  blot  analysis  was  performed  (Figure  1C).  No 
significant  differences  in  GSNO  R  protein  expression  were  seen  in 
the  lung  homogenates  of  adult  male  and  female  animals. 

GSNO-R  S-nitrosylation  is  greater  in  female  than  male 
mice 

The  detected  difference  in  GSNO  R  activity  present  in  the  lung 
homogenates  of  male  and  female  animals  could  be  explained  by 
differences  in  S  nitrosylation.  To  examine  if  GSNO  R  is  an  S 
nitrosylated  protein,  lung  homogenates  obtained  from  male  and 
female  animals  were  subjected  to  biotin  switch  followed  by 
Western  blot  analysis  (Figure  ID).  GSNO  R  was  found  to  be  S 
nitrosylated  in  both  male  and  female  lung  homogenates.  The  level 
of  S  nitrosylation  was  greater  in  lung  homogenates  of  female  mice 
as  compared  to  lung  homogenates  from  male  animals.  S 
nitrosylation  was  confirmed  by  the  ability  of  mercuric  chloride 
to  significantly  reduce  the  appearance  of  S  nitrosylated  GSNO  R. 
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Figure  1.  GSNO  R  activity  and  S  nitrosylation  is  elevated  in  the 
female  mouse  lung.  (A)  GSNO  R  activity  was  measured  in  lung 
homogenates  from  male  and  female  C57BI6/129SvEv  mice  using  LC/MS. 
GSNO  R  activity  is  expressed  as  the  amount  of  GSNO  catabolized  after 
5  min.  Activity  present  in  female  mouse  lung  homogenates  was 
approximately  two  times  that  seen  in  the  males  (n  =  20,  p<0.003). 
(B)  GSNO  R  activity  was  measured  by  LC/MS  in  lung  homogenates  from 
young  (4  w)  C57BI6/1 29SvEv  sexually  immature  male  and  female  mice. 
Gender  differences  in  GSNO  R  activity  were  not  seen  in  the  young  animals 
(n  =  5).  (C)  GSNO  R  protein  expression  was  determined  in  adult  C57BI6/ 
129SvEv  male  and  female  lung  homogenates.  Protein  expression  was  not 
significantly  different  between  genders.  (D)  Lung  homogenates  from 
C57BI6/1 29SvEv  male  and  female  mice  were  subjected  to  biotin  switch  to 
determine  if  GSNO  R  was  S  nitrosylated  in  vivo.  Lung  homogenates  from 
both  male  and  female  animals  demonstrate  the  presence  of  GSNO  R 
S  nitrosylation.  However,  the  extent  of  S  nitrosylation  was  greater  in  the 
female  animals.  Incubation  of  the  lung  homogenates  with  mercuric 
chloride  reduced  the  abundance  of  S  nitrosylated  GSNO  R. 
doi:10.1371/journal.pone.0014007.g001 

Endothelial  nitric  oxide  synthase  increases  GSNO-R 
Activity 

eNOS  is  the  prominent  isoform  present  in  the  pulmonary 
vascular  endothelium.  Estrogen  increases  the  expression  and 


S-nitrosoglutathione  activates  GSNO-R 

Post  translational  modifications  by  S  nitrosylation  often  results 
in  a  change  in  a  protein’s  activity.  Previous  data  demonstrate  lung 
homogenates  obtained  from  female  animals  have  greater  GSNO 
R  activity  and  elevated  GSNO  R  S  nitrosylation  compared  to 
male  animals,  suggesting  that  S  nitrosylation  and  activity  are 
related.  To  define  the  impact  of  S  nitrosylation  on  the  activity  of 
GSNO  R,  murine  pulmonary  endothelial  cells  were  treated  with 
and  without  10  pM  GSNO  for  5  min.  GSNO  R  activity  was 
measured  in  cell  homogenates  obtained  from  the  untreated  and 
treated  cells.  Treatment  of  murine  lung  endothelial  cells  with 
GSNO  resulted  in  a  significant  increase  in  GSNO  R  activity 
(Figure  2A).  To  determine  if  GSNO  R  can  be  directly  S 
nitrosylated,  cell  lysates  from  murine  pulmonary  endothelial  cells 
were  treated  with  or  without  5  pM  L  SNO  cysteine  (L  SNO  Cys) 
for  5  minutes  and  GSNO  R  activity  measured  using  alterations  in 
NADH  consumption.  L  SNO  Cys  was  found  to  significantly 
increase  NADH  consumption  approximately  2  fold  (Figure  2B). 
This  increase  in  NADH  consumption  with  L  SNO  Cys  was 
independent  of  gender. 


Table  1.  GSNO-R  Activity  determined  by  GSNO-dependent 
NADH  Consumption  is  greater  in  lung  homogenates  obtained 
from  female  mice. 


GSNO-dependent  NADH  Consumption  (pM  NADH/min/ 
mg  protein) 


Male 

Female 

Female:  Male 
Ratio 

Lung 

5.51+/  2.9 

10.58+/  3.6 

1.92 

Liver 

28.1+/  3.77 

19.46+/  5.75 

0.70 

Kidney 

39.96+/  8.68 

34.32+/  9.11 

0.85 

GSNO  R  activity  was  measured  in  lung,  liver,  and  kidney  homogenates  obtained 
from  adult  (10  12  w)  male  and  female  mice  using  a  GSNO  dependent  NADH 
Consumption  assay.  NADH  consumption  was  evaluated  in  homogenates 

(0.3  fig)  in  the  absence  or  presence  of  100  pM  GSNO.  Gender  specific 
differences  were  seen  in  the  lung  homogenates  (n  =  4).  No  gender  specific 
differences  were  seen  with  either  the  liver  or  the  kidney  homogenates  (n  =  2  4). 
doi:1 0.1 371 /journal. pone.0014007.t001 
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Table  2.  GSNO-R  activity  measured  by  modified  Saville  Assay 
is  greater  in  lung  homogenates  obtained  from  female  mice. 


NADH-Dependent  GSNO-R  Activity  (|.iM  GSNO/min/mg 
protein) 


Female:  Male 

Male  Female  Ratio 


Lung 

2.56+/ 

0.20 

5.32+/ 

1.06 

2.07 

Liver 

6.24+/ 

1.96 

6.14+/ 

0.25 

0.98 

Kidney 

5.68+/ 

0.69 

6.06+/ 

1.1 

1.10 

GSNO  R  activity  was  determined  in  homogenates  from  the  lung,  liver  and 
kidney  of  adult  male  and  female  mice.  GSNO  R  activity  was  measured  in 
homogenates  (250  fig)  in  the  presence  of  100  fiM  GSNO  in  the  presence  or 
absence  of  NADH  at  37°C  for  5  min.  GSNO  R  activity  was  significantly  higher  in 
lung  homogenates  obtained  from  female  mice  compared  to  male  mice  (n  =  4). 
No  gender  specific  differences  were  seen  in  either  the  liver  or  kidney 
homogenates  (n  =  2  4). 
doi:1 0.1 371  /journal.pone.001 4007.t002 


activity  of  eNOS  [19,20].  Consistent  with  this  observation,  lung 
homogenates  from  female  mice  contained  greater  eNOS  protein 
expression  when  compared  to  lung  homogenates  from  male  mice 
(Figure  3A).  Increases  in  NOS  activity  are  associated  with 
increased  formation  of  S  nitrosothiols.  To  determine  if  the 
increase  in  GSNO  R  activity  in  the  lungs  of  female  animals  is 
due  to  estrogen  induced  increases  in  eNOS  activity,  murine 
pulmonary  endothelial  cells  isolated  from  female  mice  were 
treated  with  10  nM  estrogen  in  the  absence  or  presence  of  L 
NAME.  Estrogen  increased  the  level  of  S  nitrosylated  GSNO  R 
compared  to  control  cells  (Figure  3B).  This  increase  was  abrogated 
in  the  presence  of  L  NAME.  To  further  confirm  the  effects  of 
eNOS  on  the  activity  of  GSNO  R,  GSNO  R  activity  was 
examined  in  lung  homogenates  of  eNOS  deficient  (eNOS  7  ) 
mice  using  the  modified  Saville  Assay  (Figure  4A).  Consistent  with 
a  role  for  eNOS  in  regulating  the  activity  of  GSNO  R,  GSNO  R 


Table  3.  Comparison  of  Methods  used  to  Measure  NADH- 
Dependent  GSNO-R  Activity. 


Gender 

[GSNO] 

|dM 

GSNO-R  activity 

(.iM/min/mg 

protein 

Protein  pre¬ 
cipitation 

Female:Ma- 
le  ratio 

Female 

28 

5.01+/  1.51 

N 

Male 

28 

2.37+/  0.35 

N 

2.11 

Female 

28 

3.94+/  1.52 

Y 

Male 

28 

1.16+/  0.33 

Y 

3.40 

Female 

100 

8.41+/  2.69 

N 

Male 

100 

3.06+/  0.52 

N 

2.75 

Female 

100 

5.32+/  1.06 

Y 

Male 

100 

2.56+/  0.20 

Y 

2.07 

Lungs  were 

harvested  from  adult  (10  12  w)  C57BI6/129SeEv 

mice.  Lung 

homogenates  were  subjected  to  NADH  dependent  GSNO  R  activity.  The  assay 
was  performed  as  described  in  Methods.  The  effect  of  altering  the 
concentration  of  GSNO  in  the  assay  and  the  precipitation  of  protein  prior  to 
measurement  were  compared  in  the  same  samples  (n  =  4).  Note  that  higher 
activity  was  obtained  in  the  absence  of  protein  precipitation  for  both  GSNO 
concentrations.  Highest  GSNO  R  activity  was  obtained  in  the  presence  of 
100  |iM  GSNO.  GSNO  R  activity  was  found  to  be  2  3  fold  higher  in  the  lung 
homogenates  from  female  animals  regardless  of  the  method  used  to  measure 
activity. 

doi:1 0.1 371  /journal.pone.001 4007.t003 


Control  GSNO 


Control  SNO-Cys 


Figure  2.  S  nitrosoglutatione  activates  GSNO  R.  (A)  Primary 
mouse  lung  endothelial  cells  were  treated  with  10  pM  GSNO  for 
5  min  and  the  activity  of  GSNO  R  determined  using  a  modified  Saville 
Assay  using  28  pM  GSNO.  GSNO  R  activity  was  significantly  increased 
after  treatment  of  GSNO.  (n  =  3,  p<0.01 1).  (B)  Cell  lysates  obtained  from 
mouse  lung  endothelial  cells  were  treated  with  or  without  5  pM  L  SNO 
cysteine  for  S  min.  GSNO  R  activity  was  measured  by  L  SNO  cysteine 
dependent  NADH  consumption.  L  SNO  Cysteine  resulted  in  a  2  fold 
increase  in  NADH  consumption  (n  =  4,  p<0.011). 
doi:1 0.1 371 /journal.pone.001 4007.g002 


activity  was  found  to  be  reduced  by  approximately  50%  in 
eNOS  7  animals  compared  to  wild  type  control  animals.  The 
reduction  in  GSNO  R  activity  was  not  mediated  by  a  decrease  in 
GSNO  R  expression  (Figure  4B). 


A 


M  M 


F 


◄  eNOS 


B 

Estrogen 

L-NAME 


P-actin 


◄  SNO-GSNO-R 


Figure  3.  Estrogen  Activation  of  GSNO  R  is  eNOS  dependent. 

(A)  Abundance  of  eNOS  present  in  lung  homogenates  from  male  and 
female  C57BI6/129SvEv  mice  was  determined  by  Western  blot  analysis 
using  antibodies  directed  against  eNOS  and  p  actin.  eNOS  protein  levels 
were  greater  in  lung  homogenates  of  female  animals.  (B)  Mouse  lung 
endothelial  cells  isolated  from  female  mouse  lungs  were  treated  with  or 
without  10  pM  estrogen  in  the  presence  or  absence  of  100  pM  L  NAME 
for  4  h.  Estrogen  resulted  in  an  increase  in  GSNO  R  S  nitrosylation.  The 
increased  in  GSNO  R  S  nitrosylation  was  abrogated  by  pretreatment 
with  L  NAME. 

doi:1 0.1 371 /journal.pone.001 4007.g003 
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Figure  4.  eNOS  is  required  for  GSNO  R  activity.  (A)  GSNO  R 
activity  was  measured  in  the  lung  homogenates  obtained  from  eNOS  ' 
and  wild  type  (C57BI6)  mice  using  a  modified  Saville  Assay  using  28  jjIVI 
GSNO  with  no  protein  precipitation.  GSNO  R  activity  was  reduced  by  50% 
in  the  eNOS  /  lung  homogenate  compared  to  that  seen  in  the  wild  type 
mice  (n  =  5  6,  p<0.002).  (B)  Western  blot  analysis  of  GSNO  R  protein 
present  in  wild  type  (C57BI6)  and  eNOS  7  mouse  lungs.  No  significant 
differences  were  detected  in  GSNO  R  protein  levels  (n  =  3). 
doi:10.1371/journal.pone.0014007.g004 


Female  mice  are  protected  from  increases  in  right 
ventricular  weight  and  right  ventricular  pressure  with 
NAC 

NAC  was  found  in  increase  right  ventricular  pressure  and  right 
ventricular  weight  in  C57BL6/129SEV  male  mice  in  a  manner 
that  was  indistinguishable  from  that  induced  by  hypoxia  [11], 
Published  data  indicate  that  female  gender  is  less  susceptible  to 
hypoxia  induced  PH  (21  23).  To  determine  if  the  female  gender  is 
less  susceptible  to  NAC  induced  PH,  C57BL6/129SvEv  mice 
were  subjected  to  normoxia,  10  mg/ ml  NAC,  1  mg/ml  SNOAC, 
or  hypoxia  for  a  period  of  three  weeks  [11].  In  contrast  to  the  male 
animals  [1 1],  the  female  animals  responded  with  increases  in  right 
heart  weight  and  right  ventricular  pressure  only  after  treatment 
with  SNOAC  and  hypoxia  (Figure  5A,  B). 


Serum  SNOAC  levels  are  greater  in  male  mice 

NAC  is  S  nitrosylated  forming  SNOAC  in  the  plasma  [1 1],  To 
examine  the  relative  levels  of  SNOAC  present  in  the  plasma  in 
male  and  female  animals,  blood  was  harvested  from  the  right 
ventricle  of  NAC  treated  mice  and  SNOAC  levels  determined  by 
mass  spectroscopy.  The  level  of  SNOAC  found  in  the  plasma  of 
NAC  treated  female  animals  was  significantly  less  than  SNOAC 
levels  found  in  the  plasma  obtained  from  NAC  treated  male 
animals  (Figure  6).  None  the  less,  exogenous  administration  of 
SNOAC  still  resulted  in  increases  in  right  ventricular  pressure  and 
right  ventricular  weight  characteristic  of  PH  (Figure  5)  In  contrast, 
analysis  of  the  total  amount  of  endogenously  produced  S 
nitrosothiols  in  whole  blood  taken  from  the  left  ventricle  of 
untreated  male  and  female  mice  demonstrate  no  significant 
differences  in  the  levels  of  S  nitrosothiols  (Table  4). 
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Castration  increases  GSNO-R  activity  and  protects  males 
from  NAC-induced  pathology 

Male  animals  develop  PH  when  exposed  to  chronic  systemic 
administration  of  NAC  [11].  To  determine  if  sex  hormones 
influence  the  ability  of  NAC  to  induce  changes  in  right  ventricular 
weight  and  right  ventricular  pressure  in  mice,  the  pulmonary 
effects  of  NAC  were  examined  in  castrated  mice  (Figure  7A,  B). 
Analysis  of  right  ventricular  weight  and  right  ventricular  pressure 
in  the  castrated  animals  show  no  significant  difference  between  in 
gonad  intact  and  castrated  animals  under  untreated  conditions. 
However,  castrated  animals  were  protected  from  the  increases  in 
right  ventricular  weight  and  right  ventricular  pressure  in  response 
to  NAC.  Castration  was  accompanied  by  an  increase  in  GSNO  R 
activity  compared  to  the  gonad  intact  animals  as  measured  by 
LC/MS  (Figure  8A).  The  increase  in  GSNO  R  activity  was  not 
mediated  by  increases  in  GSNO  R  protein  expression  (Figure  8B), 
but  to  changes  in  GSNO  R  S  nitrosylation  (Figure  8C).  Moreover, 
GSNO  R  activity  in  the  castrated  animals  was  comparable  to  that 
seen  in  female  animals.  It  should  be  noted  that  eNOS 
phosphorylation  at  serine  1177  in  castrated  animals  was  elevated 
compared  to  gonad  intact  animals  (Figure  8B).  To  further  evaluate 
the  role  of  androgens  in  the  activation  of  GSNO  R,  eNOS  7 
animals  were  castrated  and  the  activity  of  GSNO  R  was  evaluated 
using  a  modified  Saville  Assay.  Surprisingly,  GSNO  R  activity  in 
eNOS  7  castrated  animals  was  significantly  increased  compared 
to  eNOS  7  gonad  intact  animals  (Figure  9)  suggesting  the 
presence  of  an  eNOS  independent  androgen  mediated  effect  on 
GSNO  R  activity. 

Discussion 

Cysteine  S  nitrosylation/de  nitrosylation  is  a  regulated  process 
in  normal  physiology  which  has  parallels  to  die  protein  kinase/ 
phosphatase  system  [1],  All  NOS  isoforms  as  well  as  other  proteins 
have  been  shown  to  cause  formation  of  S  nitrosothiol  bonds  on 
specific  cysteine  residues  in  co  localized  proteins  and/or  cellular 
peptides.  Likewise,  specific  enzymes  and  other  proteins  are 
responsible  for  de  nitrosylating  these  cysteine  residues,  particularly 
downstream  of  transnitrosation  reactions  between  S  nitrosylated 
proteins  and  glutathione.  One  de  nitrosylating  enzyme  is  S 
nitrosoglutathione  reductase  (GSNO  R),  a  ubiquitously  expressed 
NADH  dependent  enzyme.  GSNO  R  has  been  shown  to  be 
necessary  for  a  variety  of  effects  ranging  from  the  nitrosylation  of 
G  protein  coupled  receptor  kinases  to  cellular  protection  from 
pathological  nitrosative  stress  [l].GSNO  R  activity  in  this 
manuscript  was  measured  by  LC/MS,  GSNO  dependent  NADH 
consumption,  and  modified  Saville  Assay  (Tables  1,2,3).  Regard 
less  of  the  method  used  to  measure  GSNO  R  activity,  GSNO  R 
activity  was  found  to  be  approximately  2  3  fold  higher  in  the  lung 
homogenates  obtained  front  female  animals.  In  contrast,  lung 
homogenates  obtained  from  sexually  immature  mice  did  not 
demonstrate  any  gender  specific  differences  in  GSNO  R  activity. 
Moreover,  the  gender  dependent  effects  on  GSNO  R  activity 
appear  to  be  specific  for  the  lung  as  GSNO  R  activity  in  kidney 
and  the  liver  homogenates  were  not  seen.  The  data,  taken 
together,  strongly  suggests  gender,  most  likely  through  the 
influence  gonadal  steroids,  influences  the  activity  of  GSNO  R  in 
the  lung. 

High  dose,  long  term  systemic  treatment  with  NAC  causes  PH 
in  male  mice  by  conversion  to  SNOAC  resulting  in  the 
upregulation  of  hypoxia  regulated  genes  [11].  This  effect  is 
eNOS  dependent  as  eNOS  7  mice  are  completely  protected 
[1 1].  In  this  report,  we  demonstrate:  1)  NAC  treatment  results  in 
lower  plasma  SNOAC  levels  in  female  mice  than  in  male  mice, 
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Figure  5.  Female  C57BL6/129SvEv  mice  do  not  develop  PH  with  chronic,  systemic  administration  of  N  acetyl  cysteine.  C57BI/129SvEv 
mice  were  untreated  (N)  or  treated  with  10  mg/ml  NAC  (NAC),  52  mM  SNOAC  (SNOAC)  or  hypoxia  (H)  for  a  period  of  3  weeks.  (A)  Right  ventricular 
pressure  (RVP)  and  (B)  right  heart  weight  (expressed  as  right  ventricular  weight/left  ventricular  weight  +  septum  weight  (RV/LV+S)  were  determined. 
Female  mice  responded  to  only  to  SNOAC  and  hypoxia.  *  (n=  19  25,  p<0.05). 
doi:10.1371/journal.pone.0014007.g005 


despite  increased  eNOS  expression  and  2)  female  mice  exposed  to 
long  term  NAC  treatment  do  not  develop  PH  in  contrast  to  male 
mice.  We  hypothesize  that  in  vivo,  females  might  be  protected 
against  eNOS  dependent  nitrosative  stress  through  the  actions  of 
GSNO  R.  This  GSNO  R  based  protection  can  be  overwhelmed 
by  chronic  high  dose  systemic  SNOAC  treatment  or  by  chronic 
hypoxia. 

Female  rats  [21,22]  and  swine  [23]  have  been  shown  to  develop 
less  severe  PAH  in  response  to  chronic  hypoxia  compared  to 
males.  Sex  hormones  may  be  involved  in  mediating  this  gender 
dependent  difference.  Estrogen  receptors  are  present  in  the  rat 
[24]  and  human  lung  [25] .  Female  animals  produce  more  estrogen 
which  is  known  to  enhance  the  vascular  expression  and  activity  of 
eNOS  [22,25].  This  increase  in  eNOS  protein/activity  levels  is 
thought  to  be  responsible  for  the  protective  effects  on  the 
vasculature.  In  support  of  this  concept,  estrogens  have  been 
shown  to  attenuate  the  severity  of  PH  in  rats  [22],  although  the 
mechanism  by  which  this  occurs  does  not  appear  to  be  associated 
with  alterations  in  eNOS  expression  [22].  Theoretically,  increased 
eNOS  levels  produce  an  increase  in  S  nitrosylated  proteins.  Thus, 
GSNO  R  might  protect  against  nitrosative  stress,  which  would  be 
anticipated  to  be  greater  in  female  mice  than  in  males  because  of 
the  estrogen  mediated  increase  in  eNOS  activity.  In  this  report, 
GSNO  R  activity  is,  indeed,  higher  in  the  female  mouse  lung 
when  compared  to  the  male.  Surprisingly,  this  difference  was  not 
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driven  by  a  difference  in  protein  expression,  but  rather  by  a 
difference  in  activity. 

Analysis  of  S  nitrosothiol  levels  in  the  serum  of  untreated 
normal  male  and  female  mice  indicate  no  significant  differences  in 
S  nitrosothiol  levels,  suggesting  that  the  formation  and  catabolism 
of  S  nitrosothiols  is  balanced  in  healthy  untreated  animals. 
Because  eNOS  activity  is  elevated  in  the  female  mouse  lung,  it  is 
possible  that  GSNO  R  opposes  protein  S  nitrosylation  by  eNOS 
through  its  de  nitrosylating  activity.  Thus,  the  increased  eNOS 
activity  present  in  the  female  mouse  lung  might  lead  to  the 
increased  GSNO  R  activity  as  a  counter  regulatory  mechanism  to 
minimize  nitrosative  stress.  Indeed,  in  vitro  treatment  of 
endothelial  cells  with  GSNO  increases  GSNO  R  activity  through 
S  nitrosylation.  This  appears  to  be  confirmed  in  vivo  as  eNOS  / 
mice  (reduced  S  nitrosothiol  formation)  have  decreased  GSNO  R 
activity  which  is  not  due  to  decreased  expression.  Moreover,  in 
other  maladies,  there  is  evidence  for  gender  discordance  in 
GSNO  R  expression  and/or  activity.  For  instance,  gastric  activity 
of  GSNO  R  may  be  a  component  of  the  enhanced  vulnerability  of 
women  to  develop  alcohol  related  diseases  [8].  Likewise,  gender 
differences  seen  in  the  LPS  model  of  septic  shock  are  eliminated  in 
GSNO  R  knockout  mice  [4],  However,  the  gender  dependent 
differences  in  GSNO  R  activity  in  the  pulmonary  vasculature  and 
the  influence  this  may  have  on  the  gender  predilection  of 
pulmonary  diseases,  such  as  PH  have  not  been  examined. 
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Figure  6.  Serum  SNOAC  levels  are  lower  in  female  mice.  Serum  SNOAC  was  measured  by  mass  spectrometry  (MS)  in  C57BL6/129SvEv  male 
and  female  mice  treated  with  NAC.  Left  panel  =  LC  chromatogram:  Right  panel  =  MS  spectrum.  Serum  from  NAC  treated  male  (red)  and  female 
(green)  mice  had  a  SNOAC  peak  (m/z  193)  that  co  migrated  with  the  15N  SNOAC  standard  (black).  No  signal  was  seen  in  non  treated  mice  (blue).  The 
amount  of  SNOAC  was  less  in  the  female  mice. 
doi:10.1371/journal.pone.0014007.g006 


The  data  suggest  that  androgens  may  also  have  a  role  in 
regulating  the  activity  of  GSNO  R.  Specifically,  castration  increases 
GSNO  R  activity  to  a  level  similar  to  that  seen  in  female  mice.  This 
increase  does  not  appear  to  be  due  to  increases  in  protein  expression 
but  again  reflects  increases  in  GSNO  R  S  nitrosylation.  Moreover, 
the  resulting  increase  in  GSNO  R  activity  correlates  with  protection 
from  NAC  induced  PH.  The  mechanism  by  which  androgens 
activate  GSNO  R  is  not  yet  known.  The  data  indicate,  on  one  level, 
castration  increases  the  expression  and  activity  of  eNOS,  consistent 
with  the  observation  that  eNOS  7  mice  have  reduced  GSNO  R 
activity.  It  also  suggests  that  androgens  decrease  the  expression  and 
activity  of  eNOS  within  the  pulmonary  vasculature.  However,  the 
effects  of  androgens  on  eNOS  expression  and  activity  are  in  contrast 
to  published  data.  For  instance,  in  the  aorta,  androgens  have  been 
reported  to  activate  eNOS  through  a  non  genomic  pathway 
mediated  by  cSrc,  PI3K  and  Akt  [26,27].  Moreover,  male  androgen 
receptor  knockout  mice  show  decreased  aortic  eNOS  expression 
and  phosphorylated  eNOS  compared  to  wild  type  mice  [28] .  Lastly, 
neither  androgen  receptors  nor  nitric  oxide  are  involved  in  the 
vasodilatory  actions  in  the  pulmonary  vasculature  in  response  to 
acute  administration  of  testosterone,  a  major  androgen  produced  in 
the  testes  [29] .  The  reasons  for  these  discrepancies  are  unclear,  but 
may  be  due  to  the  vascular  bed  studied,  or  differences  mediated  by 
chronic  versus  acute  effects  of  androgens.  On  a  second  level,  studies 
examining  the  activity  of  GSNO  R  in  castrated  eNOS  7  mice 
demonstrate  an  increase  in  GSNO  R  activity  with  castration  in  the 
absence  of  eNOS,  suggesting  that  androgens  have  a  separate  eNOS 
independent  mechanism  by  which  they  alter  GSNO  R  activity. 
Thus,  it  is  possible  that  the  net  effect  in  females  in  GSNO  R  activity 


is  increased,  in  part,  through  S  nitrosylation  by  eNOS  as  well  as  by 
the  absence  of  what  appears  to  be  a  distinct,  androgen  dependent 
effect. 

In  the  pulmonary  vascular  bed,  evidence  has  emerged  for  the 
following  paradigm:  increased  delivery  of  nitrosothiols  to  the 
pulmonary  vascular  bed  results  in  the  activation  of  hypoxia  related 
gene  regulatory  proteins  including  specificity  proteins  and  hypoxia 
inducible  factor  1  through  S  nitrosylation  reactions  [11].  Down 
stream,  this  effect  results  in  the  upregulation  of  hypoxia  regulated 
genes,  leading  to  cellular  and  morphologic  changes  characteristic 
of  PH.  Thus,  excessive  S  nitrosothiol  delivery  in  the  pulmonary 
vasculature  recapitulates  hypoxia.  To  some  extent,  this  paradigm 
can  provide  insight  into  PH  of  diverse  causes:  1)  hypoxia  results  in 
transnitrosation  from  deoxyhemoglobin  to  glutathione  and  other 
thiols  in  the  systemic  periphery  which  then  return  in  erythrocytes 
and  plasma  and  are  clumped  into  the  pulmonary  vascular  bed 


Table  4.  SNO/Hb  levels  are  similar  in  untreated  Male  and 
Female  C57BI6/129SvEv  Mice. 


Gender 

SNO/Hb 

Male 

7.75x10~5±2.49x10~5 

Female 

8.75x10~5±1.50x10~5 

Left  ventricular  blood  was  collected  from  male  (n  =  4)  and  female  (n  =  4)  mice 
and  subjected  to  reductive  chemiluminescence  in  the  presence  of  carbon 
monoxide  (3C  assay).  SNO  values  were  normalized  to  hemoglobin  content. 
doi:1 0.1 371  /journal. pone.001 4007.t004 
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Intact  Cast 


Intact  Cast 


Figure  7.  Castration  increases  GSNO  R  activity,  protecting 
against  NAC  induced  increases  in  right  heart  weight  and 
ventricular  pressure.  Male  C57BL6/129SvEv  mice  with  either  intact 
gonads  or  castrated  were  treated  with  (white  bars)  or  without  NAC 
(black  bars)  for  3  weeks.  (A)  RVW  and  (B)  RVP  were  measured.  Castration 
eliminated  the  increase  in  both  RVW  and  RVP  (N  =  1 1  intact,  N  =  10 
castrated,  p<0.001). 
doi:1 0.1 371  /journal.pone.001 4007.g007 


causing  PH  by  activating  hypoxia  responsive  genes;  2)  to  the 
extent  that  normal  levels  of  deoxygenation  increase  systemic 
vascular  S  nitrosothiols,  a  tripling  of  venous  return  in  high  flow 
states  triples  the  burden  of  S  nitrosothiols  returning  to  the  lung, 
perhaps  explaining  high  flow  state  induced  PH;  3)  systemic 
inflammation  can  increase  erythrocytic  S  nitrosothiol  load, 
contributing  to  the  risk  of  PH  seen  in  systemic  inflammation. 
Note  the  paradox:  S  nitrosothiols  delivered  acutely  to  the 
pulmonary  vascular  bed  are  vasodilators  and  will  reverse  PH; 
whereas,  chronic  exposure  of  the  pulmonary  vascular  bed  to  S 
nitrosothiols  gradually  causes  pulmonary  vascular  remodeling  and 
chronic  pulmonary  hypertension.  If  increased  GSNO  R  activity  in 
female  mice  can  protect  against  the  adverse  affects  of  nitrosative 
stress  associated  with  eNOS  activation,  chronic  inflammation, 
chronic  hypoxemia  and  high  flow  states,  why  are  female  humans 
at  higher  risk  for  the  development  of  PH  from  a  variety  of  causes 
than  are  males?  The  answer  may  lie  in  GSNO  R  itself.  In  the 
absence  of  androgens  and  in  the  presence  of  eNOS  activation, 
increased  GSNO  R  activity  is  protective.  However,  this  system 
leaves  females  particularly  vulnerable  to  GSNO  R  dysfunction. 
For  example,  if  there  is  decreased  GSNO  R  activation  by  eNOS 
or  an  androgen  mimetic  effect  to  decrease  GSNO  R  activity  in  the 
female  pulmonary  vascular  endothelium,  by  virtue  of  increased 
eNOS  activity  and  the  resulting  chronic  nitrosative  stress,  females 
will  be  at  increased  risk  for  hypoxia  mimetic  pulmonary  vascular 
remodeling.  Indeed,  there  are  single  nucleotide  polymorphisms 
resulting  in  increased  or  decreased  GSNO  R  activity  that  appear 
to  be  associated  with  both  increased  and  decreased  asthma  risk 
respectively  [30].  These  data  suggest  that  future  studies  regarding 
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Figure  8.  Castration  increases  GSNO  R  S  nitrosylation  and 
activity.  (A)  Castrated  mice  show  an  increase  in  GSNO  R  activity 
compared  to  the  male  gonad  intact  animals.  It  should  be  noted  that  the 
levels  of  GSNO  R  activity  seen  in  the  castrated  mice  is  similar  to  that 
seen  in  the  female  mice.  The  data  are  presented  as  the  amount  of  GSNO 
remaining  after  5  min  as  determined  by  LC/MS.  (B)  GSNO  R  protein 
expression  in  gonad  intact  and  castrated  animals  was  determined  by 
western  blot.  No  differences  in  GSNO  R  protein  expression  were  seen  in 
the  intact  or  castrated  animals.  (C)  S  nitrosylated  GSNO  R  (SNO  GSNO  R) 
was  determined  by  biotin  switch  followed  by  western  blot  analysis 
using  anti  GSNO  R  antibodies.  S  nitrosylated  GSNO  R  levels  were 
elevated  in  the  castrated  animals. 
doi:1 0.1 371 /journal.pone.001 4007.g008 


GSNO  R  expression,  genetics  and  activity  in  the  lungs  of  women 
with  PH  may  be  worthwhile. 

In  summary,  GSNO  R  activity  is  increased  post  translationally 
in  the  female  murine  lung.  This  observation  is  important  because 


eNOS  -I-  Cast  eNOS  -/- 

Figure  9.  Androgen  mediated  increases  in  GSNO  R  activity  are 
eNOS  independent.  GSNO  R  activity  was  measured  in  lung  homog 
enates  obtained  from  gonad  intact  and  castrated  eNOS  /  mice. 
Castration  resulted  in  a  significant  increase  in  GSNO  R  activity  as 
measured  by  modified  Saville  Assay  using  28  jjM  GSNO  with  no  protein 
precipitation.  (n  =  6  intact,  n  =  4  castrated,  p<0.038). 
doi:1 0.1 371  /journal.pone.001 4007.g009 
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it  suggests  that  GSNO  R  can  protect  against  chronic  nitrosative 
stress  associated  with  increased  eNOS  expression  in  female  mice. 
This  may  be  particularly  important  in  protecting  against  the  high 
flow  state  and  chronic  eNOS  upregulation  associated  with 
mammalian  pregnancy  [31,32].  In  addition,  it  may  also  help  to 
explain  why  females,  in  general,  are  more  tolerant  of  high  altitude 
living  than  males  [33,34],  However,  an  extension  of  these  murine 
results  to  human  studies  has  not  yet  been  undertaken. 

Materials  and  Methods 

Materials 

All  chemical  reagents  used  in  the  studies  were  obtained  from 
Sigma  Chemical  Company  (St.  Louis,  MO)  unless  otherwise 
stated. 

Animals 

All  procedures  in  the  treatment  and  care  of  the  animals  used  in 
this  study  were  approved  by  the  Animal  Care  and  Use  Committee 
at  the  University  of  Virginia.  Female  C57BL6/129SvEv  mice  (10 
1 2  w)  were  exposed  to  normoxia,  52  mM  N  acetyl  cysteine,  1  mM 
S  nitrosylated  N  acetyl  cysteine,  or  10%  oxygen  for  3  weeks  as 
previously  described  [11].  Castrations  were  performed  when 
animals  reached  3  w  of  age.  All  animals  were  anesthetized 
using  interperotineal  injection  of  ketamine /xylazine  (60  80/ 

5  10  mg/kg)  prior  to  the  procedure.  In  addition,  the  surgical  site 
was  made  aseptic  using  betadine  solution  and  70%  ethyl  alcohol. 
Local  anesthesia  at  the  incision  site  was  by  infiltration  of  0. 1  ml 
0.25%  bipivicaine.  For  castration,  a  small  incision  was  made  at  the 
tip  of  the  scrotum.  The  tunic  opened  and  the  testis,  cauda 
epidiymis,  vas  deferens  and  the  spermatic  blood  vessels  exterior 
ized.  The  blood  vessels  and  the  vas  deferens  were  cauterized 
and  the  testis  and  epididymis  removed.  The  remaining  tissue 
was  returned  into  the  sac  and  the  procedure  repeated  for  the 
other  testis.  The  skin  incision  was  closed  with  Nexaband.  Mice  are 
kept  warm  after  surgery  until  they  are  responsive  to  stimuli 
and  monitored  until  they  can  completely  right  themselves  on 
their  own.  Right  ventricular  pressure  was  measured  in  anesthe 
tized  mice  using  a  1.4  F  Millar  catheter/transducer  as  previous 
ly  described  [11],  Right  heart  hypertrophy  was  measured  as  a 
ratio  of  the  weight  of  the  right  ventricle/ weight  of  the  left  ventricle 
+  septum. 

Measurement  of  S-nitrosoglutathione  reductase  activity 

LC/MS:  Lung  homogenate  (0.25  0.5  |ig)  in  homogenation 
buffer  was  incubated  with  GSNO  (28  pM)  and  2  mM  GSH  in  the 
presence  or  absence  of  300  pM  NADH  at  37°C  for  5  minutes. 
Protein  was  precipitated  from  the  reaction  using  8%  tricholor 
acetic  acid.  HPLC  analysis  was  performed  on  a  Waters  2695 
separation  module  using  a  Waters  Symmetry  C8  (2.1  xl50  mm) 
column.  GSNO  analytes  were  eluted  using  an  isocratic  method  of 
95%  formic  acid  (0.1%)  in  water  and  5%  methanol.  Mass 
spectroscopy  was  performed  using  a  Finnigan  LCQpon  trap  mass 
spectrometer  equipped  with  an  electrospray  ionization  source. 
Data  were  collected  in  positive  ion  mode  with  selective  ion 
monitoring  at  m/z  336.5  337.5  and  quantified  against  GS15NO 
cations  m/z  337.5  338.5.  Integrated  peak  areas  were  deter 
mined  using  Xcalibur  software.  GSNO  dependent  NADH 
Consumption  [35]:  Cell  lysate  (0.3  ug/ml)  was  incubated  with 
75  pM  NADH  in  reaction  buffer  (20  mM  Tris  HCL  pH  8.0  and 
0.5  mM  EDTA  containing  0  or  100  pM  GSNO  at  room 
temperature.  NADH  fluorescence  (absorption  at  340  nm  and 
emission  at  455  mm)  was  measured  over  time  in  a  FLUOstar 
Omega  (BMG  Labtech,  Offenburg,  Germany).  Concentration  of 
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NADH  was  determined  from  a  standard  curve.  Modified  Saville 
Assay:  GSNO  R  activity  was  measured  by  modified  Saville  Assay. 
Briefly,  250  pg  of  cell  lysate  or  lung  homogenate  was  incubated  in 
the  absence  or  presence  of  300  pM  NADH,  in  the  presence  of 
2  mM  GSH  and  28  pM  or  100  pM  GSNO.  Assay  was  performed 
with  and  without  protein  precipitation  (Table  3).  Two  aliquots  of 
75  pi  were  placed  into  a  96  well  plate  at  1  min  intervals  for  a  total 
of  5  min.  One  aliquot  was  placed  with  75  pi  of  (+)  reagent  (58  mM 
Sulfanilamide  +7.36  mM  HgCL  in  1  N  HC1)  while  the  second 
aliquot  was  placed  with  (  )  reagent  (58  mM  Sulfanilamide  in  1  N 
HC1).  Samples  were  incubated  5  min  in  the  dark.  At  the  end  of 
this  incubation,  75  pi  of  (N)  reagent  (0.77  M  n  (1  napthyl) 
ethylene  diamine  dihydrochloride)  was  added.  Samples  were 
incubated  5  10  min  for  color  to  develop.  Absorbance  was  read 
at  540  nm.  Amount  of  GSNO  remaining  in  the  reaction  was 
determined  from  a  GSNO  standard  curve.  Activity  was  obtained 
from  the  slope  of  the  time  course  divided  by  the  amount  of  protein 
in  the  reaction. 

Measurement  of  S-nitroso-N-acetyl  cysteine  (SNOAC) 

The  abundance  of  SNOAC  was  determined  by  liquid 
chromatography/mass  spectroscopy  as  previously  described  [11]. 

Immunoprecipitation 

Cell  lysate  or  lung  homogenate  (100  300  pg)  prepared  in  lysis 
buffer  (20  mM  Tris  pH  7.6,  150  mM  NaCl,  2  mM  EDTA, 
10%glycerol  l%Triton  X  100  +1X  proteinase  inhibiters)  were 
immunoprecipitated  using  4  pg  anti  eNOS  antibody  (BD  Biosci 
ences,  San  Diego)  overnight  at  4°C  on  a  rotator.  Samples  were 
incubated  with  100  pi  protein  A  agarose  beads  (Roche  Diagnos 
tics,  Mannheim,  Germany)  for  2  4  hours  at  4°C.  At  the  end  of  the 
incubation,  the  agarose  beads  were  spun  at  3000  xg  for  1  min  and 
washed  three  times  with  lysis  buffer.  Protein  was  eluted  from  the 
protein  A  agarose  beads  by  incubation  with  50  pi  SDS  loading 
buffer. 

Biotin-Switch 

The  biotin  switch  procedure  for  the  identification  of  S 
nitrosothiols  was  performed  to  identify  S  nitrosylated  proteins 
[36].  Briefly,  cell  lysate  or  lung  homogenate  (100  300  pg)  were 
precipitated  using  acetone  and  resuspended  in  1 00  pi  HEN  Buffer 
(250  mM  HEPES  pH  7.7,  1  mM  EDTA,  0.1  mM  neocuproine). 
Samples  were  mixed  with  4  volumes  Blocking  Buffer  (9  vol 
HEN+1  vol  25%SDS  containing  20  mM  MMTS)  and  incubated 
at  50°C  for  20  min  with  shaking.  Protein  was  precipitated  by 
acetone,  resuspended  in  HEN  Buffer  containing  1  mM  Biotin 
HPDP  (Pierce)  and  1  mM  ascorbate  and  incubated  for  1  h  at 
room  temperature.  Biotin  HPDP  was  removed  by  precipitation 
with  acetone  and  pellet  resuspended  in  100  pi  HEN  buffer. 
Resuspended  sample  was  neutralized  using  Neutralization  Buffer 
(20  mM  HEPES  pH  7.7,  10  mm  NaCl,  1  mM  EDTA,  0.5% 
Triton  X  100.)  Biotinylated  proteins  were  isolated  by  incubation 
with  Streptavidin  agarose  for  1  h  at  room  temperature.  Resin  was 
washed  5  times  with  Neutralization  Buffer  containing  600  mM 
NaCl  and  biotinylated  protein  eluted  with  50  pi  2X  SDS  PAGE 
Loading  Buffer. 

Western  Blot  analysis 

Proteins  were  separated  on  a  10%  polyacrylamide  gel  as 
previously  described  [1 1].  Proteins  were  transferred  to  Immobilon 
P  transfer  membranes  (Billerica,  MA)  and  signal  detected  using 
SuperSignal  West  Pico  Chemiluminescent  Substrate  (Thermo 
Scientific,  Rockford,  IL). 
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Statistics 

All  data  will  be  expressed  as  the  mean  ±  SEM.  All  statistical 
analysis  was  performed  using  Sigma  Stat  software.  Data 
comparing  2  groups  were  analyzed  using  a  paired  T  test,  with 
p<0.05  considered  significant.  Data  comparing  more  than  one 
group  will  be  analyzed  by  one  way  ANOVA.  Significance  was 
determined  using  the  Holm  Sidak  post  hoc  test  with  p<0.05 
considered  significant. 
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Compartmentalized  Connexin  43  S- Nitrosylation/ 
Denitrosylation  Regulates  Heterocellular  Communication  in 

the  Vessel  Wall 


Adam  C.  Straub,  Marie  Billaud,  Scott  R.  Johnstone,  Angela  K.  Best,  Sean  Yemen,  Scott  T.  Dwyer, 
Robin  Looft-Wilson,  Jeffery  J.  Lysiak,  Ben  Gaston,  Lisa  Palmer,  Brant  E.  Isakson 


Objective — To  determine  whether  S-nitrosylation  of  connexins  (Cxs)  modulates  gap  junction  communication  between 
endothelium  and  smooth  muscle. 

Methods  and  Results — Heterocellular  communication  is  essential  for  endothelium  control  of  smooth  muscle  constriction; 
however,  the  exact  mechanism  governing  this  action  remains  unknown.  Cxs  and  NO  have  been  implicated  in  regulating 
heterocellular  communication  in  the  vessel  wall.  The  myoendothelial  junction  serves  as  a  conduit  to  facilitate  gap 
junction  communication  between  endothelial  cells  and  vascular  smooth  muscle  cells  within  the  resistance  vasculature. 
By  using  isolated  vessels  and  a  vascular  cell  coculture,  we  found  that  Cx43  is  constitutively  .S’-nitrosylated  on  cysteine 
271  because  of  active  endothelial  NO  synthase  compartmentalized  at  the  myoendothelial  junction.  Conversely,  we  found 
that  stimulation  of  smooth  muscle  cells  with  the  constrictor  phenylephrine  caused  Cx43  to  become  denitrosylated 
because  of  compartmentalized  .S’-nitrosoglutathionc  reductase,  which  attenuated  channel  permeability.  We  measured 
.S’-nitrosoglutathione  breakdown  and  NOx  concentrations  at  the  myoendothelial  junction  and  found  .S'-nitrosoglutathione 
reductase  activity  to  precede  NO  release. 

Conclusion — This  study  provides  evidence  for  compartmentalized  S-nitrosylation/denitrosylation  in  the  regulation  of 
smooth  muscle  cell  to  endothelial  cell  communication.  ( Arterioscler  Thromb  Vase  Biol.  2011;31:00-00.) 


Key  Words:  NO  ■  GSNO-R  ■  connexin  ■  myoendothelial  junction  ■  nitrosylation 


Within  the  vessel  wall  of  resistance  arteries,  coordinated 
vascular  smooth  muscle  cell  (SMC)  and  endothelial 
cell  (EC)  function  is  integrated  by  complex  intercellular 
signaling  to  regulate  the  constriction  and  dilation  of  the 
artery.  The  anatomic  structures  that  facilitate  direct  SMC  and 
EC  communication  within  the  resistance  artery  are  myoen¬ 
dothelial  junctions  (MEJs),  which  are  cellular  extensions 
from  ECs  or  SMCs  that  project  through  the  internal  elastic 
lamina1-3  and  link  the  plasma  membranes  of  the  2  different 
cell  types  together.  The  gap  junctions  (GJs)  at  the  MEJ 
provide  a  conduit  for  second  messenger  and  electric  signaling 
between  the  2  cell  types.2-4-5  For  example,  phenylephrine  (PE) 
stimulation  of  SMCs  induces  inositol  1,4,5-triphosphate  (IP3) 
generation  and  an  increase  in  |  Ca2+]i  concentrations,  con¬ 
stricting  the  artery.  It  is  thought  that  the  IP3  progresses  to  the 
adjacent  EC  through  GJs  at  the  MEJ,  initiating  an  increase  in 
[Ca2+]j  and  the  release  of  NO  to  modulate  the  magnitude  of 
vasoconstriction,  thereby  regulating  the  tone  of  the  artery.6-8 
Elucidation  of  the  mechanisms  regulating  this  process  could 


provide  novel  insight  into  blood  pressure  regulation;  how¬ 
ever.  the  process  remains  uncharacterized. 

GJs  are  intracellular  signaling  channels  formed  by  2 
hexameric  hemichannels,  with  each  adjacent  cell  contributing 
1  hemichannel.  Connexin  (Cx)  proteins  compose  the  chan¬ 
nels,  of  which  4  different  Cxs  have  been  identified  in  the 
vasculature,  with  multiple  studies  demonstrating  a  potentially 
important  role  for  Cx43  at  the  MEJ.9  Recent  studies  have 
demonstrated  that  GJ  communication  and  trafficking  of  Cx43 
are  modulated  by  caveolae10-12  and  caveolin-1,13  supporting 
the  observation  that  caveolin-1  could  regulate  Cx43  traffick¬ 
ing  to  the  MEJ.14  In  addition  to  regulating  Cx43,  caveolin-1 
also  regulates,  mobilizes,  and  organizes  several  proteins, 
including  endothelial  NO  synthase  (eNOS). 14-17  Although 
eNOS  has  not  been  shown  at  the  MEJ,  it  is  possible  that  it 
resides  in  this  location  because  of  the  caveolae-rich 
environment. 

NO  participates  in  a  plethora  of  physiological  functions 
within  the  vessel  wall,  including  vasodilation18  and  posttrans- 
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lational  protein  S-nitrosylation.19  S-nitrosylation  has  emerged 
as  a  key  mechanism  by  which  NO  may  influence  the 
function  of  a  wide  array  of  cellular  proteins  by  covalently 
modifying  sulfhydryl  groups  on  cysteine  residues  both  in 
vivo  and  in  vitro.20-21  Despite  its  high  ability  to  diffuse, 
growing  evidence22-23  supports  the  concept  that  NO  is 
generated  locally;  however,  more  important,  this  occurs  in  a 
concentration-dependent  manner  to  elicit  specific  protein 
S-nitrosylation.  Indeed,  maintaining  a  critical  balance  be¬ 
tween  normal  physiological  protein  S-nitrosylation  and  pro¬ 
tein  denitrosylation  is  essential.24  One  enzyme  involved  in 
regulating  the  balance  between  protein  S-nitrosylation/deni- 
trosylation  is  S-nitrosoglutathione  reductase  (GSNOR).24 
GSNOR  indirectly  regulates  the  levels  of  S-nitrosylated 
proteins  by  reducing  GSNO,  thereby  providing  equilibrium 
between  S-nitrosylated  proteins  and  GSNO.25-26  Indeed,  mice 
deficient  in  GSNOR  and  in  vitro  studies  have  confirmed  that 
GSNOR  mediates  multiple  cardiovascular  functions. 24-27-28 
In  this  study,  we  provide  evidence  of  an  eNOS/GSNOR 
axis  that  regulates  compartmentalized  S-nitrosylation/deni- 
trosylation  of  Cx43  permeability  at  the  MEJ,  thereby  altering 
the  constriction  and  dilatory  response  of  a  resistance  artery. 
We  propose  that  the  specific  cellular  localization  of  proteins 
capable  of  dynamic  S'-nitrosylation/denitrosylation  may  be  a 
template  for  heterocellular  communication  in  general. 

Methods 

The  supplemental  materials  (available  online  athttp://atvb.ahajoumals. 
org)  provide  expanded  descriptions. 

Mice 

Wild-type  mice,  strain  C57B1/6  (Taconic),  GSNOR  /+,  and 
GSNOR  (originally  described  by  Liu  et  al24),  were  all  males  aged 
approximately  8  to  10  weeks  and  were  used  according  to  the 
University  of  Virginia  Animal  Care  and  Use  Committee  guidelines. 

Vessel  Cannulation 

Mice  were  euthanized  with  an  intraperitoneal  injection  of  pentobar¬ 
bital  (60  to  90  mg/kg).  First-order  thoracodorsal  (TD)  arteries,  a  pair 
of  resistance  arteries  (diameter,  approximately  245  /am)  with  exten¬ 
sive  MEJs  and  endothelium-dependant  hyperpolarization  that  sup¬ 
plies  blood  to  spinotrapezius  muscle  (supplemental  Figure  I),  were 
isolated  for  cannulation.29 

Immunolabeling  on  TEM  Sections 

TD  arteries  and  cremaster,  coronary,  and  mesentery  vessels  were 
isolated  and  processed  for  immunogold  labeling  and  quantified  as 
previously  described.31 

Cell  Culture,  Isolation  of  In  Vitro  MEJ  Fractions, 
and  Biotin  Switch  Assay 

The  vascular  cell  coculture  (VCCC)  was  constructed  as  previously 
described.4 

In  vitro  MEJ  fractions  were  isolated  from  the  VCCC  as  previously 
described.31 

Isolated  EC,  MEJ,  and  SMC  fractions  were  subjected  to  the  biotin 
switch  assay  as  previously  described.32 

Immunoblots,  Immunostaining,  and  Antibodies 

Proteins  were  resolved  using  4%  to  12%  bis-Tris  gels,  transferred  to 
nitrocellulose,  and  visualized  and  analyzed  using  an  imager  (Li-Cor 
Odyssey  Imager),  as  previously  described.34 


Immunostaining  on  frozen  sections  of  VCCC  and  HeLa  cells  was 
performed  as  previously  described.4  All  images  were  captured  using 
a  confocal  microscope  (Fluoview  1000). 

Data  on  antibody  source,  application,  concentration,  and  company 
of  purchase  are  found  in  supplemental  Table  1. 

Statistics 

Statistics  were  performed  using  computer  software  (Origin  Pro  6.0). 
All  experiments  were  analyzed  using  1-  or  2-way  ANOVA,  followed 
by  the  Bonferroni  posttest  for  differences  between  treatments  where 
indicated.  PC0.05  was  considered  significant. 

Results 

NO  and  GJs  Regulate 
Heterocellular  Communication 

As  demonstrated  in  Figure  1A,  the  stimulation  of  a  control 
TD  artery  with  PE  induces  an  initial  constriction,  followed  by 
a  redilation  to  bring  the  vessel  back  to  near  resting  tone.  We 
believe  that  this  response  is  because  of  heterocellular  com¬ 
munication  between  the  SMCs  and  the  ECs,  specifically  the 
generation  of  a  second  messenger  by  PE  in  SMCs  (eg,  IP3  or 
constriction),  which  traverses  GJs  at  the  MEJ  to  activate 
eNOS  in  the  ECs  (redilation).  For  this  reason,  we  initially 
tested  a  GJ  inhibitor  (carbenoxylone.  Figure  1A)  and  an  NOS 
inhibitor  (L-NAME,  Figure  IB)  and  found  them  both  capable 
of  significantly  enhancing  the  constriction  and  inhibiting  the 
redilation  response.  Because  these  data  indicated  that  both  Cxs 
and  eNOS  might  be  important  regulators  for  intercellular  com¬ 
munication  between  SMCs  and  ECs,  we  used  TEM  and  quan¬ 
tified  the  amount  of  Cx43  and  eNOS  present  in  the  TD  artery 
(Figure  1C  and  ID).  Cx43  was  the  only  Cx  enriched  at  MEJs 
(supplemental  Figure  IIA),  indicating  that  it  is  likely  a  major 
contributor  of  GJ  heterocellular  communication  from  SMCs  to 
ECs.  This  observation  was  also  seen  at  the  in  vitro  MEJ.31  The 
presence  of  eNOS  was  also  localized  to  the  MEJ  (Figure  ID),  a 
trend  we  found  throughout  vascular  beds  (supplemental  Figure 
IIB).  Normal  rabbit  serum  confirmed  the  specificity  of  our  gold 
bead  staining  (supplemental  Figure  IIC).  By  using  the  VCCC, 
we  also  identified  localized  eNOS  to  the  in  vitro  MEJ  (Figure  IE 
and  IF).  In  contrast,  neuronal  NO  synthase  expression  in  TD 
MEJs  (supplemental  Figure  IID  through  IIF),  inducible  NO 
synthase  (supplemental  Figure  IIG  through  III),  or  another 
vasodilatory  enzyme  (cystathionine,  supplemental.  Figure  IIJ 
through  IIL)  was  not  detected.  Last,  we  observed  caveolin-1,  a 
protein  capable  of  trafficking  both  eNOS  and  Cx43,10~17  as 
being  localized  at  the  MEJ  in  TD  arteries  and  in  the  VCCC 
(supplemental  Figure  IIIA  through  IDE). 

Although  eNOS  was  identified  at  the  MEJ  in  vivo  and  in 
vitro,  this  was  not  indicative  of  its  activity.  Therefore,  we 
applied  L-NAME  to  vessels,  measured  resting  tone  in  the 
absence  of  an  agonist,  and  found  a  significant  constriction 
(Figure  2A).  These  data  coincided  with  the  localization  of 
phosphorylated  SI  177  eNOS  at  the  MEJ  in  vivo  and  in  vitro 
(Figure  2B  and  2C)  in  the  absence  of  any  agonist.  Phosphor¬ 
ylated  S633  eNOS  (active)  was  also  observed  at  MEJs  in 
vitro;  however,  phosphorylated  T495  eNOS  (inactive)  was 
not  observed  (Figure  2D  and  2E). 

5-Nitrosylation  of  Cx43  on  C271  Regulates 
GJ  Communication 

Because  our  ex  vivo  and  in  vitro  evidence  demonstrated  basally 
active  eNOS  and  the  presence  of  Cx43  at  the  MEJ,  the  capacity 
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Figure  1 .  Vasoreactivity  is  altered  by 
inhibition  of  GJ  communication  and  NO 
correlating  with  Cx43  and  eNOS  expres¬ 
sion  at  the  MEJ.  Mouse  TD  arteries  were 
cannulated,  pressurized,  and  stimulated 
with  50-jU.mol/L  PE.  A  and  B,  Application 
of  carbenoxolone  (50  p,mol/L,  A)  and 
L-NAME  (100  ju,mol/L,  B)  significantly 
enhanced  PE-induced  vasoconstriction 
in  the  TD  arteries.  C  and  D,  Immuno- 
TEM  analysis  of  Cx43  (C)  and  eNOS  (D) 
localization  labeled  with  10-nm  gold 
beads  (arrows)  at  MEJs  from  the  TD 
arteries  quantified  the  number  of  beads 
per  micrometer  squared.  E,  Isolated  EC, 
MEJ,  and  SMC  protein  fractions  from 
the  VCCC  blotted  for  eNOS  and  normal¬ 
ized  to  GAPDH.  F,  Immunocytochemistry 
of  transverse  sections  from  a  VCCC 
were  labeled  for  eNOS  (green).  The 
white  box  illustrates  an  enlarged  MEJ 
with  a  line  scan  measuring  fluorescence 
down  the  pore.  Data  are  represented  as 
the  mean±SE.  (C,  n=8;  D,  n=6;  E, 
n=4).  Significant  differences  (*P<0.05) 
were  analyzed  using  a  2-way  ANOVA  (A 
and  B)  or  a  1-way  ANOVA  (C-E).  In  A 
and  B,  n  is  the  number  of  vessels  and 
the  value  in  parentheses  is  the  number 
of  mice.  E  indicates  endothelial  cell;  IEL, 
internal  elastic  lamina;  S,  smooth  muscle 
cell;  *,  lumen.  The  scale  bar  in  C  and  D 
is  0.5  (rm;  and  F,  10  /am.  In  C  through  E, 
the  open  bars  indicate  in  vitro  measure¬ 
ments;  and  bars  with  horizontal  lines,  in 
vivo  measurements. 


of  Cx43  to  be  5-nitrosylated  was  tested.  Initial  studies  confirmed 
Cx43  to  be  constitutively  S-nitrosylated  in  isolated  TD  arteries 
and  at  the  in  vitro  MEJ  (Figure  3A),  whereas  Cx40,  a  Cx  found 
at  the  MEJ  in  some  instances,  was  not  S-nitrosylated  (supple¬ 
mental  Figure  IV A).  To  identify  which  cysteines  may  be 
responsible  for  S-nitrosylation,  we  used  HeLa  cells  (which  do 
not  express  Cxs  or  eNOS)  and  transfected  in  either  Cx43  or 
Cx43  with  all  of  the  cysteines  in  the  C-terminal  mutated  to 
alanines  (Cx43c260/271/298A).  After  treatment  of  transfected  HeLa 
cells  with  GSNO,  S-nitrosylated  Cx43  was  only  detected  in  the 
nonmutated  sample  (Figure  3B).  This  was  repeated  on  purified 
Cx43  C-terminal  and  Cx43c260/271/298A  C-terminal  peptides, 
which  produced  identical  results  to  Cx43  proteins  expressed  in 
HeLa  cells  (Figure  3C).  Thus,  to  identify  whether  S-nitrosylation 
was  site  specific,  we  generated  Cx43  containing  only  1 
C-terminal  cysteine.  After  GSNO  treatment,  only  Cx43c260/298A 
was  S-nitrosylated,  indicating  that  C27 1  in  the  Cx43  C-terminal 
was  the  target  for  S-nitrosylation  of  Cx43  (Figure  3D).  Func¬ 
tional  changes  as  a  result  of  S-nitrosylation  were  then  tested  in 
HeLa  cells  transfected  with  cysteine  mutants  by  measuring  the 


extent  of  Ca2+  wave  propagation  after  uncaging  of  NPE-IP3. 
Calcium  propagation  rates  were  increased  in  response  to  GSNO 
for  both  Cx43  and  Cx43c260/298A  cells  but  unchanged  in 
Cx43c260/271A-,  Cx43C271/298A-,  and  Cx43c260/271/298A- 
expressing  cells  (Figure  3E).  HeLa  cells  transfected  without 
Cx43  did  not  propagate  Ca2+  waves  after  pseudouncaging 
(supplemental  Figure  IVB).  The  differences  in  calcium  wave 
propagation  did  not  result  from  trafficking  defects  of  the  Cx43 
mutations  because  all  were  effectively  localized  to  the  plasma 
membrane  (supplemental  Figure  IVC  through  IVH).  These  data 
indicate  that  Cx43  and  its  GJ  function  are  capable  of  being 
regulated  by  S-nitrosylation  at  C271. 

Compartmentalized  Denitrosylation  of  Cx43  at 
the  MEJ 

Because  our  previous  results  had  demonstrated  that  Cx43  was 
extensively  expressed  at  the  MEJ  and  had  the  capacity  to  be 
S-nitrosylated,  we  tested  whether  PE  stimulation  could  alter 
Cx43  S-nitrosylation.  By  using  isolated  TD  arteries,  we  found 
a  reduction  in  S-nitrosylation  of  Cx43  3  minutes  after  PE 
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Figure  2.  eNOS  is  differentially  phos- 
phorylated  at  the  MEJ.  Mouse  TD  arter¬ 
ies  were  cannulated  and  pressurized.  A, 
The  basal  vascular  tone  was  attenuated 
in  the  presence  of  L-NAME  (100  jiunol/ 
L).  B,  Phosphorylated  eNOS  S1 177 
localization  using  10-nm  gold  beads 
(arrow)  in  TD  arteries  using  immuno-TEM 
and  quantified  as  the  number  of  beads 
per  micrometer  squared.  C  through  E, 
isolated  EC,  MEJ,  and  SMC  fractions 
from  the  VCCC  blotted  for  phosphorylated 
eNOS  at  sites  S1 177,  S633,  and  T495  in 
EC,  MEJ,  and  SMC  fractions.  Data  are 
represented  as  the  mean±SE.  (A,  n=5; 
B-E,  n=4).  Significant  differences 
(*P< 0.05)  were  analyzed  using  a  1  -way 
ANOVA  (A-D).  E,  endothelial  cell;  IEL, 
internal  elastic  lamina;  S,  smooth  muscle 
cell;  *,  lumen.  The  scale  bar  is  0.5  jun  (B). 
In  A  through  E,  open  bars  indicate  in  vitro 
measurements;  and  bars  with  horizontal 
lines,  in  vivo  measurements. 


stimulation,  which  returned  to  baseline  after  10  minutes 
(Figure  4A).  This  result  indicated  that,  in  vivo,  Cx43  at  the 
MEJ  is  likely  S-nitrosylated.  Concurrent  with  this  result, 
denitrosylation  of  Cx43  was  only  observed  at  the  MEJ,  and 
not  the  EC  or  SMC  monolayer  (Figure  4B),  indicating  a 
highly  localized  denitrosylation  response  (an  effect  identical 
to  that  seen  on  silver-stained  gels  of  total  S-nitrosylated 
proteins  after  PE  stimulation)  (supplemental  Figure  VA 
through  VC).  Neither  application  of  18GA  (supplemental 


Figure  VD)  nor  the  UV  used  for  uncaging  (supplemental 
Figure  VE)  altered  Cx43  .S'-nitrosylation.  To  test  whether 
denitrosylation  of  Cx43  correlated  with  changes  in  channel 
permeability,  we  stimulated  SMCs  on  the  VCCC  with  PE  and 
then  temporally  uncaged  NPE-IP3  (Figure  4C).  Under  control 
conditions,  uncaging  of  NPE-IP3  in  the  SMCs  elicited  a 
robust  increase  in  EC  [Ca2“l"]i,  which  was  significantly 
inhibited  by  the  GJ  blocker  (18GA,  Figure  4D).  At  1  minute 
after  PE  stimulation,  there  was  a  significant  reduction  in  EC 
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Figure  3.  Cx43  is  S-nitrosylated  on  cys¬ 
teine  271.  A,  Unstimulated  TD  arteries 
or  MEJ  fractions  analyzed  by  the  biotin 
switch  assay  for  Cx43,  in  which 
ascorbate-dependent  labeling  demon¬ 
strates  the  presence  of  an  S-nitrosylated 
cysteine  residue(s).  B,  Nontransfected 
and  transfected  HeLa  cells  with  Cx43  or 
Cx43c260/271298A  were  treated  with  or 
without  100-frmol/L  GSNO  for  1  hour. 

C,  Biotin  switch  assay  of  purified 
Cx43  C-terminal  or  Cx43c260/271298A 
C-terminal  peptides  treated  with  or  with¬ 
out  100-ju.mol/L  GSNO  for  1  hour.  D, 
HeLa  cells  transfected  with  Cx43c260/271A, 
Cx43c260/298A,  or  Cx43c271/298A  and 
treated  with  100-ju.mol/L  GSNO  for  1 
hour  were  lysed  and  subjected  to  the 
biotin  switch  assay.  E,  Uncaging  of  NPE- 
IP3  and  analysis  of  calcium  wave  propa¬ 
gation  and  transfected  HeLa  cells  with 
Cx43,  Cx43c260/271/298A,  Cx43G260/271A, 
Cx43c260/298A,  and  Cx43c271/298A.  Data 
are  represented  as  the  mean±SE  (n=6 
to  8).  Significant  differences  (*P< 0.05) 
were  analyzed  using  a  1-way  ANOVA. 
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Figure  4.  PE  promotes  denitrosylation  of  Cx43 
and  alters  channel  permeability.  A  and  B,  Immuno- 
blots  of  isolated  TD  arteries  or  EC,  MEJ,  and  SMC 
fractions  identifying  S-nitrosylated  Cx43  using  the 
biotin  switch  assay  from  VCCCs  stimulated  with 
PE.  C,  Schematic  illustration  of  the  experimental 
protocol  used  for  measuring  EC  [Ca2+],  using  an 
initial  stimulus  of  PE,  followed  by  uncaging  of 
NPE-IPg  in  SMCs  using  UV  flash  at  specific  points 
after  PE  stimulation.  D,  The  maximum  values  of 
EC  [Ca2+]|  were  measured  at  control,  0,  1,  and  20 
minutes  after  PE  stimulation  or  with  the  addition  of 
18GA.  Data  are  represented  as  the  mean±SE 
(n=3).  Significant  differences  (*P< 0.05)  were  ana¬ 
lyzed  using  a  1-way  ANOVA.  Open  bars  in  B  indi¬ 
cate  in  vitro  experiments. 


[Ca2+]j,  which  returned  to  control  levels  at  20  minutes  after 
PE  stimulation.  This  suggested  that  the  permeability  of  the  GJ 
channel  immediately  after  PE  stimulation  was  decreased, 
which  was  likely  because  of  a  loss  of  Cx43  S-nitrosylation. 

GSNOR  Denitrosylates  Cx43  at  the  MEJ 

Because  of  the  rapid  denitrosylation  of  Cx43  at  the  MEJ  on 
PE  stimulation,  we  hypothesized  that  an  enzyme  capable  of 
denitrosylating  proteins  may  also  be  localized  to  the  MEJ. 
Probing  for  GSNOR,  we  found  the  enzyme  to  be  enriched  in 
MEJ  fractions  both  in  vitro  and  in  vivo  (Figure  5A  through 
5C).  In  contrast,  other  enzymes  known  to  denitrosylate 
proteins,  thioredoxin-1,37  and  carboxyl  reductase38  were  not 
present  at  the  MEJ  (supplemental  Figure  VIA  through  VIC). 
Next,  we  tested  the  activity  of  GSNOR  after  PE  stimulation 
specifically  in  MEJ  fractions  and  found  increased  activity  at 
1  minute,  which  returned  to  baseline  after  20  minutes  (Figure 
5D).  From  the  same  MEJ  lysates,  we  also  measured  total  NOx 
and  found  a  significant  increase  at  20  minutes  compared  with 
control  and  1  minute  (Figure  5E),  suggesting  that  GSNOR 
activity  precedes  NO  release.  To  test  the  effect  of  GSNOR 
activity  on  Cx43  denitrosylation  and  GJ  permeability  at  the 
MEJ,  we  used  the  GSNOR  inhibitor  that  was  identified  in  a 
high-throughput  screen  for  GSNOR  inhibitors  and  thereby 
arbitrarily  named  C3.28  We  found  a  complete  lack  of  Cx43 
denitrosylation  after  PE  stimulation  (Figure  5F),  a  result  that 
was  similar  to  the  result  obtained  using  GSNOR  small- 
interfering  RNA  (supplemental  Figure  VIIA  and  VIIB). 


Consistent  with  lack  of  denitrosylation  after  inhibiting 
GSNOR.  application  of  C3  did  not  alter  GJ  permeability  of 
IP3  from  SMCs  to  ECs  when  compared  with  control  (Figure 
5G).  TD  arteries  treated  with  C3  had  an  attenuated  constric¬ 
tion  after  application  of  PE  (Figure  5H).  The  C3  did  not  alter 
baseline  artery  diameter  during  equilibration  (supplemental 
Figure  VIIC).  The  GSNOR  /+  mice  were  also  less  respon¬ 
sive  to  PE  (Figure  51),  which  was  dependent  on  NOS  activity 
and  not  S'-nitrosothiols  (supplemental  Figure  VIID).  Last,  the 
GSNOR  mice  were  not  different  from  controls  (supple¬ 
mental  Figure  VIIE),  a  result  that  is  due  to  compensatory 
increases  in  carboxyl  reductase  in  the  TD  arteries  (supple¬ 
mental  Figure  VIIF). 

Discussion 

Highly  coordinated  EC  and  SMC  cross  talk  regulates  vessel 
diameter  and,  by  extension,  the  blood  flow  rate  and  blood 
pressure.  GJs  positioned  at  the  MEJ  between  ECs  and  SMCs 
in  resistance  arteries  allow  for  signals  (eg,  IP3)  originating 
from  1  cell  type  (eg,  SMCs)  to  rapidly  diffuse  to  adjacent 
cells  (eg,  ECs).  Although  GJs  have  been  identified  at  the 
MEJ,  the  specific  mechanisms  that  regulate  GJ  communica¬ 
tion  at  the  MEJ  remain  largely  unknown.  We  define  a  pivotal 
posttranslational  mechanism  that  ECs  and  SMCs  use  to 
regulate  heterocellular  communication  before,  during,  and 
after  SMC  constriction.  Our  mechanism  consists  of  compart¬ 
mentalized  S-nitrosylation/denitrosylation  of  Cx43  at  the 
MEJ  to  regulate  the  magnitude  of  vasoconstriction  (Figure  6). 
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Several  compelling  observations  support  this  discovery:  (1) 
eNOS  is  enriched  and  active  at  the  MEJ,  (2)  Cx43 
S-nitrosylation  on  cysteine  27 1  regulates  more  permeable  GJ 
channels,  and  (3)  compartmentalized  GSNOR  denitrosylates 
Cx43,  promoting  less  permeable  GJs  at  the  MEJ  to 
modulate  the  movement  of  IP3  (and  potentially  other 
factors).  The  cellular,  pharmacological,  and  genetic  results 
presented  herein  imply  that  oxidation-reduction- based 
protein  modifications  on  site-specific  cysteine  residues  are 
regulated  in  specific  regions  of  cells  to  coordinate  hetero- 
cellular  communication. 

SMC  relaxation  after  PE-induced  constriction  is  thought  to 
be  due  to  IP3  movement  from  SMCs,  through  GJs  at  the  MEJ, 
to  ECs.7  There  is  evidence  to  indicate  that  the  IP3  activates 
IP3  receptor  1  localized  to  the  MEJ35  and  induces  an  elevation 
of  EC  | Ca2+  ],,  thereby  activating  eNOS  and  releasing  NO  to 
induce  subsequent  vasodilation.6-7-39  Our  observation  of  Cx43 
and  active  eNOS  being  localized  to  the  MEJ  provides  the 
proteins  necessary  for  a  regulatable  mechanism.  This  is 
supported  by  the  observation  that  caveolae  and  caveolin-1 


Figure  5.  GSNOR  regulates  heterocellu- 
lar  communication.  A,  Quantitative  West¬ 
ern  blot  analysis  of  GSNOR  expression 
in  isolated  EC,  MEJ,  and  SMC  protein 
fractions  from  the  VCCC  normalized  to 
GAPDH.  Immunocytochemistry  of  trans¬ 
verse  sections  of  a  VCCC  labeled  for 
GSNOR  (red).  B,  The  white  box  illus¬ 
trates  an  enlarged  MEJ  with  a  line  scan 
measuring  fluorescence  down  the  pore. 
C,  Immuno-TEM  analysis  of  GSNOR 
expression  labeled  with  10-nm  gold 
beads  (arrows)  at  MEJs  from  the  TD 
arteries  and  quantified  as  the  number  of 
beads  per  micrometer  squared.  D,  Mea¬ 
surement  of  GSNOR  activity  by  break¬ 
down  of  GSNO  in  MEJ  fractions  at  1 
and  20  minutes  after  PE  stimulation.  E, 
Identification  of  total  NOx  in  MEJ  frac¬ 
tions  at  1  and  20  minutes  after  PE  stim¬ 
ulation.  F,  Immunoblot  of  S-nitrosylated 
Cx43  from  in  vitro  MEJ  fractions  pre¬ 
treated  with  C3  inhibitor  and  then  stimu¬ 
lated  with  PE  for  0,  1,5,  10,  and  20  min¬ 
utes.  G,  Measurement  of  maximum 
values  of  EC  [Ca2+],  after  UV  uncaging  is 
plotted  at  0,  1 ,  and  20  minutes  after  PE 
stimulation  from  the  VCCCs  pretreated 
with  C3.  H  and  I,  Vasoconstriction 
response  measuring  percentage  change 
of  initial  diameter  to  PE  in  TD  arteries 
pretreated  with  C3  in  wild-type  mice  (H) 
and  GSNOR~/+  mice  (I).  Data  are  repre¬ 
sented  as  the  mean±SE.  (A,  n=5;  C, 
n=5;  E,  n=2;  and  F,  n=3).  In  H  and  I,  n 
is  the  number  of  vessels  and  the  value  in 
parentheses  is  the  number  of  mice.  Sig¬ 
nificant  differences  (*P< 0.05)  were  ana¬ 
lyzed  using  a  1  -way  (E-G)  or  a  2-way 
(H-l)  ANOVA.  The  scale  bar  in  B  is 
10  jun;  and  in  C,  0.5  jrm.  E  indicates 
endothelial  cell;  IEL,  internal  elastic  lam¬ 
ina;  S,  smooth  muscle  cell;  *,  lumen. 
Open  bars  indicate  in  vitro  measure¬ 
ments  (A,  E,  and  F);  and  bars  with  hori¬ 
zontal  lines,  in  vivo  measurements  (C). 

localize  to  the  MEJ,  thereby  providing  an  optimal  microsig¬ 
naling  domain  whereby  binding  partners,  including  Cx43, 
eNOS,  and  many  other  proteins,  could  cluster. 10_17-35-40  In¬ 
deed,  spatial  partitioning  of  proteins  within  a  cell  provides  an 
important  level  of  control  to  ensure  fidelity  of  cell  signaling. 
Accumulating  evidence  from  monolayers  of  cultured  cells 
has  suggested  that  localized  eNOS  could  allow  for  NO  to  be 
generated  in  a  specific  cellular  region.22-23  It  is  reasonable  to 
speculate  that  the  active  pool  of  eNOS  we  observe  at  the  MEJ 
is  regulating  basal  vascular  tone  and  blood  pressure  because 
we  show,  with  L-NAME,  induced  constriction  in  Figure  2. 
This  would  provide  an  energy-efficient  mechanism  to 
minimize  NO  diffusion  distance  to  the  SMCs.  Thus,  our 
identification  of  a  pool  of  compartmentalized  active  eNOS 
uniquely  at  the  MEJ  throughout  different  vascular  beds 
places  these  initial  descriptive  observations  into  a  physio¬ 
logical  context. 

Our  data  go  beyond  the  possibility  of  paracrine  release  of 
NO  at  the  MEJ  mediating  the  magnitude  of  vasoconstriction 
and  suggest  another  function  for  the  pool  of  localized  eNOS 
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Figure  6.  Schematic  summary  of  Cx43  S-nitrosylation/denitrosylation  regulating  heterocellular  communication  in  the  vessel  wall.  Appli¬ 
cation  of  PE  stimulates  the  al  receptor  (1),  followed  by  the  induction  of  IP3  release  in  SMCs  (2).  The  release  of  IP3  activates  intracellu¬ 
lar  calcium  stores  in  endoplasmic  reticulum  promoting  SMC  contraction  (3).  In  addition,  IP3  traverses  S-nitrosylated  Cx43  GJ  channels 
at  the  MEJ  to  stimulate  IP3  receptors  in  ECs,  inducing  calcium  release  (5).  GSNOR  activity  increases  (6),  which  promotes  denitrosyla- 
tion  of  Cx43,  altering  channel  permeability  (7).  Calcium  and  phosphorylation  activate  eNOS,  resulting  in  released  NO  (8)  to  promote 
SMC  relaxation  and  renitrosylation  of  Cx43  to  open  GJ  channels  (9). 


at  the  MEJ  (ie,  regulation  of  GJ-mediate  intracellular  com¬ 
munication  by  NO).  There  are  sporadic  reports  that  NO  could 
alter  the  function  of  GJ  channels.  For  example,  NO  reduced 
Cx37  permeability  and  electric  coupling  in  microvascular 
cells,4142  whereas  other  reports43-44  suggest  that  NO  enhances 
Cx43  electric  current.  However,  this  study  used  NO  donors 
and  did  not  explore  how  NOS-derived  NO  may  posttransla- 
tionally  modify  the  channel.  It  is  becoming  increasingly 
clear  that  S-nitrosylation  is  a  critical  posttranslational 
modification  that  regulates  protein  function.20-21  Our  study 
demonstrates  that  NO  derived  from  eNOS  at  the  MEJ 
constitutively  S-nitrosylates  Cx43  in  unstimulated  condi¬ 
tions  in  TD  arteries  and  in  the  VCCC,  thereby  maintaining 
a  more  permeable  GJ  channel.  These  data  correlate  with 
recent  reports43-44  that  NO  acts  on  Cx43  hemichannels  (not 
intact  GJs)  via  S-nitrosylation  to  induce  a  more  permeable 
state.  Although  the  exact  cysteines  were  not  identified, 
these  reports  did  show  that  the  cysteines  were  more  likely 
intracellular  than  extracellular.  Therefore,  we  created  sev¬ 
eral  point  mutations  on  the  C-terminal  of  Cx43  and 
identified  C271  as  the  critical  site  that  significantly  en¬ 
hanced  calcium  wave  propagation  after  IP3  uncaging.  The 
sum  of  these  data  indicates  that  Cx43  S-nitrosylation  on 
C271  enhances  permeability  of  the  GJ  channel;  this  can 
occur  in  a  discreet  cellular  compartment. 

Although  the  aggregate  of  our  work  indicated  that 
S-nitrosylation  maintained  a  more  permeable  GJ  channel,  it 
was  reasonable  to  propose  that  denitrosylation  of  Cx43 
modulated  a  less  permeable  GJ  channel.  Remarkably,  we 
observed  that  denitrosylation  after  PE  stimulation  was  con¬ 
fined  to  the  MEJ  rather  than  the  EC  or  SMC  monolayer.  Of 
the  multiple  enzymes  that  have  regulated  denitrosylation, 
including  GSNOR/GSNO,24-45  thioredoxin-1  reductase/ 


thioredoxin- 1 ,37  and  carboxyl  reductase,38  we  found  that 
GSNOR  was  the  dominant  enzyme  localized  at  the  MEJ.  This 
was  evident  because  GSNOR  activity  specifically  at  the  MEJ 
increased  immediately  after  PE  stimulation,  which  returned  to 
baseline  after  20  minutes.  Conversely,  we  found  that  NOx 
was  increased  only  at  the  20-minute  point,  supporting  the  idea 
that  GSNOR  activity  precedes  eNOS  activity.  It  is  unknown 
how  GSNOR  activity  is  regulated,  although  one  likely  pos¬ 
sibility  is  through  a  Ca2+ -dependent  signaling  pathway  based 
on  the  rapid  IP3-induced  increase  in  EC  [Ca2+];  and  the 
immediacy  of  the  effect.  The  pharmacological  and  genetic 
approaches  in  this  study  also  support  that  GSNOR  regu¬ 
lates  denitrosylation  at  the  MEJ.  In  cannulated  vessels,  C3 
and  GSNOR  '  mice  both  had  severely  attenuated  con¬ 
striction.  It  is  not  clear  how  this  occurs,  but  based  on  the 
data  from  the  VCCC,  we  believe  this  is  due  to  the 
enhanced  GJ  permeability,  allowing  for  greater  IP3  transfer 
from  SMCs  to  ECs  enhancing  eNOS-derived  NO.  Previous 
studies24-28  have  demonstrated  that  inhibition  of  GSNOR 
increases  S-nitrosothiols,  thereby  promoting  SMC  relax¬ 
ation.  However,  our  model  system  does  not  support  this 
because  L-NAME  increased  the  magnitude  of  the  constric¬ 
tion  in  cannulated  vessels.  Rather,  these  data  confirm  that 
NOS  activity  is  a  critical  modulator  of  SMC  constriction. 
These  observations  underpin  the  central  role  that  compart¬ 
mentalized  GSNOR  plays  in  regulating  heterocellular 
communication  in  the  artery  wall. 

In  summary,  results  from  this  study  emphasize  the  critical 
role  that  S-nitrosylation/denitrosylation  contributes  to  hetero¬ 
cellular  communication.  Specifically,  the  evidence  provided 
herein  supports  multiple  roles  for  eNOS  at  the  MEJ,  including 
the  following:  (1)  basal  release  of  NO  for  regulating  vaso¬ 
motor  tone  and  blood  pressure,  (2)  local  S-nitrosylation  of 
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Cx43  to  regulate  more  permeable  channels,  and  (3)  local 
production  of  NO  for  immediate  feedback  on  SMCs.  The 
presence  of  GSNOR  provides  a  check  on  this  system  by 
inducing  Cx43  denitrosylation  on  constriction  and  inducing  a 
less  permeable  GJ.  The  results  provide  an  investigational 
framework  for  future  endeavors  focusing  on  the  eNOS/ 
GSNOR  axis  as  a  potential  therapeutic  target  for  treating 
vascular  pathological  features,  such  as  hypertension. 
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Supplemental  Figure  Legends 

Supplemental  Figure  I.  Dose  response  curve  to  acetylcholine  in  TD  arteries  in  presence  of  L- 
NAME. 

Mouse  TD  arteries  were  cannulated,  pressurized  and  stimulated  with  PE  (10  5M)  followed  by  increasing 
concentrations  of  acetycholine  in  the  presence  or  absence  of  L-NAME.  Significant  differences  of  p<0.05 
were  analyzed  using  a  2-way  ANOVA  and  are  indicated  by  *.  N  =  number  of  vessels,  ( )  are  the  number 
of  mice. 

Supplemental  Figure  II.  Localization  of  Cxs,  eNOS,  nNOS,  iNOS,  and  CTH  at  the  MEJ. 

(A)  Connexin  localization  at  the  MEJ.  Quantification  of  gold  beads  for  each  connexin  were  quantified 
using  Metamorph.  Data  are  represented  as  the  mean  ±SE  (n=6).  Scale  bar  equals  0.5  pm. 

(B)  eNOS  localization  at  the  MEJ.  Isolated  cremaster,  coronary,  mesentery  vessels  were  immuno- 
labeled  for  eNOS  expression  using  10  nm  gold  beads.  Gold  beads  were  quantified  for  eNOS  expression 
in  ECs,  MEJs,  and  SMCs  were  measured  by  averaging  the  number  of  total  eNOS  beads  per  micron 
squared.  Data  are  represented  as  the  mean  ±SE  (n=6). 

(C)  Negative  control  for  immuno-TEM  labeling.  A  representative  image  of  a  TD  artery  incubated  with 
normal  rabbit  serum  followed  by  anti-rabbit  10  nm  gold  beads.  Scale  bar  equals  0.5  pm. 

(D-F)  nNOS  localization  at  the  MEJ.  Immuno  gold  labeling  for  nNOS  expression  at  the  MEJ  and  bead 
quantification  in  vivo  (D-E).  Quantitative  western  blot  analysis  of  nNOS  expression  normalized  to 
GAPDH  in  the  VCCC  (F).  Data  are  represented  as  the  mean  ±SE  (E  n=6).  Scale  bar  equals  0.5  pm. 

(G-I)  iNOS  expression  at  the  MEJ.  Immuno  gold  labeling  for  iNOS  localization  at  the  MEJ  and  bead 
quantification  in  vivo  (G-H).  Quantitative  western  blot  analysis  of  iNOS  expression  normalized  to 
GAPDH  in  the  VCCC  (I).  Data  are  represented  as  the  mean  ±SE  (H  n=6).  Scale  bar  equals  0.5  pm. 
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(J-L)  CTH  localization  at  the  MEJ.  Immuno-gold  labeling  for  CTH  expression  at  the  MEJ  and  bead 
quantification  in  vivo  (J-K)  and  quantitative  western  blot  analysis  of  CTH  expression  in  the  VCCC  (L). 
Data  are  represented  as  the  mean  ±SE  (K  n=5;  L  n=3).  Scale  bar  equals  0.5  pm. 

Supplemental  Figure  III.  Caveolae  and  caveolin-1  localization  to  the  MEJ. 

(A-E)  Caveolae  and  cav-1  localization  at  the  MEJ.  A  representative  TEM  image  from  a  TD  artery  at  low 
magnification  highlighting  multiple  MEJs  (A),  with  a  magnified  section  (black  box)  indicating  a  MEJ. 

The  magnified  black  box  in  (B)  illustrates  multiple  caveolae-like  vesicles  identified  with  black  arrows. 
Immuno-TEM  analysis  of  cav-1  localization  using  10  nm  gold  beads  (arrow)  at  the  MEJ  in  TD  arteries 
and  quantified  as  the  number  of  beads  per  micrometer  squared  (C).  Quantitative  western  blot  analysis 
from  EC,  MEJ,  and  SMC  fractions  for  cav-1  normalized  to  GAPDH  expression  in  the  VCCC  (D). 
Immunocytochemistry  of  a  transverse  section  from  the  VCCC  labeled  for  cav-1  (green)  (E).  The  white 
box  illustrates  enlarged  MEJ  with  a  line  scan  measuring  fluorescence  down  the  pore.  Enlarged  picture  of 
pore  illustrated  at  left  edge  of  line  scan.  Data  are  represented  as  the  mean  ±SE  (C  n=7;  D  n=4).  Scale  bar 
equals  0.5  pm  (A-C)  and  10  pm  (E).  E:  endothelial  cell,  S:  smooth  muscle  cell,  IEL:  internal  elastic 
lamina,  *:  lumen. 

Supplemental  Figure  IV.  S-nitrosylation  of  Cx40,  Ca2+  propagation  in  untransfected  HeLa  cells, 
and  trafficking  of  Cx43  cysteine  mutants. 

(A)  Connexin  40  is  not  S-nitrosylated  at  MEJ.  Unstimulated  MEJ  fraction  were  isolated  and  subjected  to 
the  biotin  switch  assay  and  blotted  for  Cx40. 

(B)  Ca2+  propagation  in  untransfected  HeLa  cells.  Untransfected  HeLa  cells  were  loaded  with  NPE-IP3, 
treated  with  GSNO  for  lhr  followed  by  UV  flash  to  uncage  IP3  to  determine  Ca2+  wave  propagation. 

Data  are  represented  as  the  mean  ±SE  (n=6-8). 
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(C-H)  Trafficking  of  Cx43  cysteine  mutants.  Confocal  analysis  of  immunofluorescent  labeling  in  HeLa 
cells  transfected  with  Cx43  mutants  (green),  F-actin  (with  phallodin,  red)  and  nuclei  (with  DAPI,  blue). 
Arrows  indicate  Cx43  trafficking  to  the  plasma  membrane  and  formation  of  GJ  plaques  between  two 
cells.  Scale  bar  equals  10  pm. 

Supplemental  Figure  V.  Total  protein  denitrosylation  at  the  MEJ  and  unaltered  Cx43  S- 
nitrosylation  using  the  GJI  and  UV  flash. 

(A-C)  Total  denitrosylated  proteins  at  the  MEJ  after  PE  stimulation.  Silver  stain  of  total  S-nitrosylated 
proteins  using  the  biotin  switch  assay  from  EC,  MEJ,  and  SMC  protein  fractions  treated  with  PE  in  the 
VCCC  for  0,1,  5,  10,  and  20  minutes.  Using  Metamorph,  a  line  scan  down  each  well  measured  grayscale 
intensity  and  was  plotted  for  each  time  point  for  each  of  the  isolated  fractions. 

(D)  Connexin  43  S-nitrosylation  is  unchanged  with  GJI.  VCCCs  were  pretreated  with  18GA  for  1  hr  and 
stimulated  with  PE  for  0,  1,  5,  10,  and  20  minutes.  MEJ  fractions  were  isolated  and  subjected  to  the 
biotin  switch  assay. 

(E)  UV  flash  does  not  alter  Cx43  S-nitrosylation.  Western  blot  analysis  of  VCCC  fractions  blotted  for  S- 
nitrosylated  Cx43  after  UV  flash. 

Supplemental  Figure  VI.  Trx-1  and  CBR1  expression  at  the  MEJ  in  the  VCCC. 

(A-C)  Trx-1  and  CBR1  expression  at  the  MEJ.  Quantitative  western  blot  analysis  of  Trx-1  and  CBR1 
expression  from  EC,  MEJ,  and  SMC  fractions  normalized  to  GAPDH. 

Supplemental  Figure  VII.  GSNOR  siRNA  treated  VCCCs,  changes  in  baseline  diameter  after  with 
pharmacological  inhibitors,  vasoreactivity  changes  in  GSNOR'7'  mice  and  up-regulation  of  CBR1  in 
TD  arteries. 
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(A)  Knockdown  efficiency  of  GSNOR  siRNA.  Isolation  of  MEJ  fractions  from  VCCC  treated  with  or 
without  GSNOR  siRNA  for  48hrs  and  subjected  to  western  blot  analysis  for  knockdown  of  GSNOR 
protein. 

(B)  GSNOR  siRNA  prevents  Cx43  denitrosylation  after  PE  stimulation.  Vascular  cell  co-cultures  were 
pretreated  with  GSNOR  siRNA  for  48hrs  and  stimulated  with  PE  for  0,  1,  or  20  min.  MEJ  fractions  were 
isolated,  subjected  to  the  biotin  switch  assay,  and  western  blotted  for  Cx43. 

(C)  Baseline  diameter  changes  of  TD  artery  in  WT  treated  with  pharmacological  inhibitors.  The  percent 
change  is  baseline  before  and  after  30  minute  equilibration  time  with  CBX  and  C3.  Data  are  represented 
as  the  mean  ±SE  (n=5). 

(D)  Vascular  reactivity  changes  in  GSNOR+/  TD  arteries  pretreated  with  L-NAME  (lOOpM).  Isolated 
TD  arteries  from  GSNOR+/  mice  were  cannulated,  pretreated  with  L-NAME  and  stimulated  with  PE. 

(E)  Vascular  reactivity  changes  in  GSNOR  '  mice.  Isolated  TD  arteries  from  GSNOR+/  mice  were 
cannulated  and  stimulated  with  PE  (lOpM).  Data  are  represented  as  the  mean  +SE  (n=8). 

(F)  Carboxyl  reductase  expression  from  isolated  TD  arteries  from  WT,  GSNOR+/\  GSNOR7  .  Total 
protein  was  isolated  from  TD  arteries  and  western  blotted  for  CBR1. 
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Supplemental  Table  I 


Antibody 

Source 

Application 

Concentration 

Company 

CBR1 

rabbit 

WB 

1:1000 

Abgent 

Caveolin- 1 

rabbit 

WB/TEM 

1:1000/1:200 

BD  Biosciences 

Connexin  37 

rabbit 

WB/TEM 

1:1000/1:200 

Zymed 

Connexin40 

rabbit 

WB/TEM 

1:1000/1:200 

ADI 

Connexin  43 

rabbit 

WB/TEM 

1:2000/1:200 

Sigma 

Connexin  45 

rabbit 

WB/TEM 

1:1000/1:200 

ADI 

CTH 

rabbit 

WB/TEM 

1:1000/1:200 

Sigma 

eNOS 

rabbit 

WB/TEM 

1:1000/1:200 

Sigma 

eNOS 

mouse 

WB 

1:1000 

BD  Biosciences 

phospho-eNOS  T495 

mouse 

WB 

1:1000 

BD  Biosciences 

phospho-eNOS  S633 

mouse 

WB 

1:1000 

BD  Biosciences 

phospho-eNOS  S 1 177 

mouse 

WB 

1:1000 

BD  Biosciences 

phospho-eNOS  S 1 177 

rabbit 

TEM 

1:200 

Signalway 

iNOS 

rabbit 

WB/TEM 

1:1000/1:200 

ABCAM 

GSNOR 

rabbit 

WB/TEM 

1:1000/1:200 

Protein  Tech 

GAPDH 

mouse 

WB 

1:1000 

Invitrogen 

Thioredoxin- 1 

rabbit 

WB 

1:1000 

Cell  Signaling 

Alexa  Fluor  488 

mouse 

IF 

1:500 

Invitrogen 

Alexa  Fluor  594 

rabbit 

IF 

1:500 

Invitrogen 

IR  Dye  680  CW 

rabbit/mouse 

WB 

1:5000 

Licor 

IR  Dye  800  CW 

rabbit/mouse 

WB 

1:5000 

Licor 

10  nm  gold  beads 

rabbit 

TEM 

1:20 

EM  Sciences 
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Supplemental  Figure  I 


—■—controls  n=9  (9) 

— ■— L-NAME  100pM  n=7  (7) 
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Supplemental  Figure  II 
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Supplemental  Figure  III 


caveolin-1/GAPDH 
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Supplemental  Figure  IV 
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Supplemental  Figure  V 
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Supplemental  Figure  VI 
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Supplemental  Figure  VII 
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Supplemental  Methods: 


Cell  Culture:  Human  umbilical  vein  endothelial  and  vascular  smooth  muscle  cells  were  obtained  from 
Cell  Applications  Inc.  and  cultured  in  M199  media  supplemented  with  10%  fetal  bovine  serum  (Gibco), 
2mM  L-glutamine  (Gibco),  penicillin  (2mM)/streptomycin  (50  U/mL)  (Gibco).  Endothelial  cell  medium 
was  further  supplemented  with  endothelial  growth  supplement  (5pg/mL,  BD  Biosciences)  and  5pg/mL  of 
sodium  heparin  (Fisher  Scientific).  Vascular  cell  co-culture  studies  using  the  pharmacological  inhibitors 
18a  glycyrrhetinic  acid  (18GA)  (Sigma)  and  C3  was  performed  by  pretreating  EC  and  SMC  with  50pM 
for  1  and  3  hours  respectively,  followed  by  treatment  with  PE  (50pm).  HeLa  parental  cells  (obtained 
from  UVA  cell  culture  core)  were  maintained  in  complete  DMEM  (cDMEM)  (Gibco)  supplemented  with 
fetal  bovine  serum  (10%),  L-glutamine  (2  mM),  penicillin  (50  U/mL),  streptomycin  (50  (U/mL)  and  L- 
glutamine  (50  U/mL). 

Vessel  Cannulation:  Mice  were  sacrificed  with  an  intraperitoneal  injection  of  pentobarbital  (60-90 
mg/kg)  and  isolated  first  order  thoracodorsal  (TD)  arteries  were  cannulated  at  both  ends  with  glass 
micropipettes,  secured  with  10-0  nylon  monofilament  suture  and  placed  in  a  pressure  myograph  (Danish 
MyoTechnology).  The  chamber  was  superfused  and  perfused  with  Kreb’s-Hepes  solution  29,  gassed  with 
air,  and  maintained  at  37°C.  Vessels  were  maintained  in  a  no-flow  state  and  held  at  a  constant  transmural 
pressure  of  80mm  Hg  equivalent  to  the  transmural  pressure  of  these  vessels  in  vivo  30  Vessels  were 
pretreated  with  carbenoxolone  (CBX)  (50pM)  (MP  Biomedical),  L-Nitro-Arginine-Methyl  Ester  (L- 
NAME)  (100  pM)  (Sigma)  or  C3  (50pM)  (Chem  Div)  described  in  28  for  30  minutes  and  baseline 
diameters  were  measured  after  30  min  equilibration  using  an  Olympus  Fluoview  1000  confocal 
microscope.  Contractile  responses  to  10  or  50  pM  of  PE  were  measured  and  recorded  every  one  minute 
for  a  total  time  of  15  minutes  and  vessel  diameter  changes  were  quantified  using  MetaMorph  as  described 
in  29 .  Post  PE  stimulation,  all  vessels  were  tested  for  functional  endothelium  by  stimulating  with  lOpM 
acetylcholine  to  ensure  maximal  dilation. 
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siRNA:  Endothelial  cells  and  SMCs  were  cultured  together  for  24hrs  on  Transwells  and  transfected  with 
pre-designed  siRNAs  (5nM)  for  GSNOR  (Ambion)  using  siPORT™  NeoFX™  transfection  Agent 
(Ambion)  according  to  manufactures  directions.  After  48hrs  post  transfection  of  siRNA,  MEJ  fractions 
were  treated  with  PE  and  harvested  for  knockdown  efficiency  or  subjected  to  the  biotin  switch  assay.  The 
following  siRNA  sequences  were  purchased  from  Ambion:  siRNA  ID#  sl072-sense 
5 ’ AUUUUGUCUAAAUCCUAAtt  3’,  antisense  5 ’ UUUAGG AUUUAGAC AAAAUtt  3’,  and  siRNA 
ID#sl070  sense  5 ’  AAAUC AAAGCCUUUG Att  3’  and  antisense  5’UCAAAGGCUUUGUUGAUUUca 
3’. 

Transfection:  Parental  Hela  cells  were  transfected  at  70%  confluency  with  Cx43  plasmids  described 
below  using  a  Nucleofector  (Lonza)  achieving  an  approximate  70%  transfection  efficiency.  Transfected 
cells  were  maintained  in  cDMEM  supplemented  with  G418  (800  pg/mL)  for  48hrs. 

Biotin  Switch  Assay:  Briefly,  samples  were  isolated,  acetone  precipitated,  and  blocked  with  lOmM  N- 
ethylmaleimide  (ACROS  Organics)  at  50°C  for  30  min.  Following  an  additional  acetone  precipitation, 
samples  were  incubated  with  biotin-HPDP-N-[6-(biotinamido)hexyl]-3'-(2'-pyridyldithio)  propionamide 
(Peirce)  along  with  ImM  sodium  ascorbate  with  the  addition  of  lOpM  copper  sulfate  for  lhr  at  RT  as 
described  in  33.  Samples  were  then  precipitated  and  incubated  with  streptavidin  coated  agarose  beads  for 
1  hr,  washed  5  times,  and  S-nitrosylated  proteins  were  eluted  and  subjected  to  immunoblotting. 

Silver  Stain:  After  protein  separation,  gels  were  fixed  with  50%  ethanol  and  5%  acetic  acid  overnight 
followed  silver  staining  according  to  manufactures  instructions  (ThermoFisher). 

Calcium  Signaling  after  IP3-uncaging:  Both  the  SMC  and  HeLa  cells  were  loaded  with  NPE-IP3  (300 
ftM)  using  the  pinocytotic  method  as  previously  described  4.  When  using  the  VCCC,  uncaging  of  the 
NPE-IP3  in  the  SMC  was  achieved  by  two  synchronized  xenon  light  sources  under  the  control  of 
Slidebook  software.  The  UV-flash  was  transmitted  through  a  centered  25  |im  pinhole  at  1,  5,  10  or  20 
min  post-stimulation  of  SMC  with  PE.  Simultaneous  measurement  of  changes  in  EC  [Ca2+]i  on  the 
VCCC  was  performed  as  described  31,  utilizing  a  Hamamatsu  9100-13  back-thinned  (512x  512)  CCD 
camera.  Transfected  HeLa  cells  were  initially  loaded  with  P(4(5))-l-(2-nitrophenyl)ethyl-caged  IP3 
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(NPE-IP3)  and  30  min  before  imaging  they  were  also  loaded  with  Fluo-4  AM  35.  Calcium  wave 
propagation  occurred  radially  outward  immediately  upon  uncaging  of  NPE-IP3  from  the  spatially  defined 
UV-flash  25  [dm  spot  (as  above).  The  distance  of  the  calcium  wave  propagation  was  measured  10 
seconds  after  UV-flash  for  each  of  the  Cx43  mutants  transfected  into  HeLa  cells. 

Generation  of  Cx43  C-terminal  mutant  peptides:  The  Cx43  C-terminal  encoding  the  sequence  236-382 
of  rCx43  inserted  into  pGEX-6P-2  plasmid  was  kindly  provided  by  Dr.  Paul  Sorgen  (University  of 
Nebraska)  and  was  synthesized  as  described  36.  Cx43  C-terminal  mutations  were  made  via  site  directed 
mutagenesis  with  cysteine  to  alanine  primers  designed  against  the  three  C-terminal  domain  cysteines  at 
C25,  C36  and  C63  in  the  Cx43  C-terminal  sequence  corresponding  to  C260,  C271,  C298  respectively  in 
the  full  length  Cx43  sequence  using  primers  described  above.  For  mutagenesis  reactions  the  Cx43  C- 
terminal  insert  was  removed  from  the  pGEX-6P-2  by  digest  with  BAM-H1  and  XHO-1  followed  by  gel 
extraction  of  the  insert,  which  was  then  ligated  into  pBluescript  plasmid.  Following  mutagenesis,  the 
insert  was  removed  from  pBluescript  and  re-ligated  into  pGEX-6P-2  plasmid  as  described  above. 

Cx43  C-terminal  peptide:  Proteins  were  purified  as  described  36  with  the  following  alterations  to  the 
protocol.  Plasmids  containing  the  Cx43  C-terminal  sequence  were  transformed  into  BE21  competent 
bacterial  cells.  Bacterial  clones  grown  in  2F  of  FB  broth  were  induced  at  0.5  OD  with  ImM  isopropyl- 1- 
thio-B-D-galactopyranoside  (IPTG)  for  3  hours.  Bacterial  pellets  were  washed  in  PBS  pH  7.4  and  re¬ 
suspended  (lg/5mF)  in  protein  buffer  (50mM  Tris-HCF  (pH7.4),  190mM  NaCl,  ImM  dithiothreitol 
(DTT),  O.lmM  Pefabloc,  200U  of  DNAse,  1%  Glycerol  and  1:100  dilution  of  complete  protease  inhibitor 
cocktail  (Sigma)  then  stored  at  -80°C.  Cells  were  then  thawed  and  disrupted  by  standard  French  Pressure 
20K  then  lysates  cleared  by  centrifugation  (100.000G,  1  hr,  4°C).  Supernatants  were  incubated  with  4mF 
of  glutathione- sepharose  beads  (Glutathione- sepharose  4  fast  flow)  for  3  hrs  at  room  temperature.  Protein 
bound  beads  were  washed  with  40  column  volumes  of  protein  buffer,  followed  by  20  column  volumes  of 
protein  buffer  without  Pefabloc  or  protease  inhibitors  and  Cx43-GST  cleavage  performed  on  the  beads 
with  PreScission  (80U)  at  4°C  overnight  with  rocking.  Eluted  Cx43  C-terminal  peptides  were  then 
further  purified  by  incubation  with  fresh  glutathione-sepharose  beads  for  3  hrs  to  remove  residual 
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unbound  GST,  flow  through  was  collected  and  protein  samples  were  spin  concentrated  using  Amicon 
centriplus  10  filters.  Final  Cx43  C-terminal  proteins  were  found  to  be  approximately  80%  pure.  Cx43  C- 
terminal  were  then  treated  with  lOOpM  GSNO  at  37°C  shaking  for  lhr  and  subjected  to  the  biotin  switch 
assay. 

Site-directed  Mutagenesis:  Mutants  were  generated  using  Quikchange  (Statagene)  site-directed 
mutagenesis  kit  according  to  manufactures  directions  using  Cx43  in  apcDNA  3.1  plasmid  (gift  from 
Mike  Koval,  Emory  University).  Primers  for  C260A  are  as  follows:  forward  5’ 

ctgagcccatcaaaagacgccggatctccaaaatacgc  3’  reverse  5’  gcgtattttggagatccggcgtcttttgatgggctcag  3’;  C271A: 
5’  gcctacttcaatggcgcctcctcaccaacggc3’,  reverse  5’  gccgttggtgaggaggcgccattgaagtaggc  3’;  and  C298A 
forward  5’gtgacagaaacaattcctcggcccgcaattacaacaagcaag  3’,  reverse  5’ 

cttgcttgttgtaattgcgggccgaggaattgtttctgtcac  3’.  Mutants  were  sequenced  at  the  UVA  DNA  sequencing 
core,  confirmed  and  maxi  prepped  for  transfection  studies.  The  following  mutants  were  generated  Cx43 

C260/271/298A  (^43  C260/27IA  £x43  C260/298A  an<4  CX43  C27I/298A 

GSNOR  activity  assay:  GSNO-R  activity  was  measured  by  using  a  modified  Saville  Assay.  Briefly, 
300pg  of  MEJ  lysate  was  incubated  with  300pM  NADF1,  2mM  GSF1  and  28pM  GSNO.  Two  aliquots  of 
75pl  were  placed  into  a  96  well  plate  at  1  min  intervals  for  a  total  of  5  min.  One  aliquot  was  placed  with 
75 pi  of  (+)  reagent  (58  mM  Sulfanilamide  +  7.36  mM  HgCE  in  IN  HC1)  while  the  second  aliquot  was 
placed  with  (-)  reagent  (58  mM  Sulfanilamide  in  IN  HC1).  Samples  were  incubated  5  min  in  the  dark.  At 
the  end  of  this  incubation,  75pl  of  (N)  reagent  (0.77M  n-(l-napthyl)  ethylene-diamine  dihydrochloride) 
was  added.  Samples  were  incubated  5-10  min  for  color  to  develop.  Absorbance  was  read  at  540nm. 
Amount  of  GSNO  remaining  in  the  reaction  was  determined  from  a  GSNO  standard  curve.  Activity  was 
obtained  from  the  slope  of  the  time  course  divided  by  the  amount  of  protein  in  the  reaction. 

Determination  of  NO  metabolites:  Total  nitrate  and  nitrite  (NOx)  were  analyzed  according  to 
manufactures  instructions  (Nitric  oxide  Analyzer,  Sievers).  Briefly,  2.5  pg  of  MEJ  lysate  diluted  in  a 
final  volume  of  50  pL  was  injected  into  a  purge  vessel  containing  a  solution  of  vanadium  (III)  chloride 
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(50  mmol/L)  in  hydrochloric  acid  (1  mol/L)  at  95°C.  A  continuously  purged  stream  of  nitrogen  gas 
connected  to  a  Sievers  280i  NO  analyzer  measured  NOx. 
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S-nitrosoglutathione  Reductase,  Gender,  and  the  Development  of  Pulmonary  Arterial 

Hypertension 

Palmer  LA,  *Que  L,  Brown-Steinke  K,  deRonde  K,  Gaston  B 
University  of  Virginia  Health  System,  Charlottesville  VA  22908 
*Duke  University  Medical  Center,  Durham  NC 

Nitric  oxide  bioactivity,  mediated  through  the  formation  of  S-nitrosothiols  (  SNOs),  has  a  signific  ant 
influence  on  vascular  tone.  Moreover,  numerous  co  mponents  that  regulate  SNO  bioavailability  in  the 
pulmonary  vasculature  display  gender  dependent  differences  in  activity  and/or  expression.  Pulmonary 
arterial  hypertension  (PAH)  is  a  c  ondition  with  known  gender  dis  parity.  To  date,  little  research  has 
focused  on  the  mechanism(s)  mediating  this  gende  r  discordance.  Therefore,  we  examined  the 
hypothesis  that  S-nitros  othiol  bioavailability,  mediated  through  the  actions  of  S-nitrosoglutathione 
reductase  (GSNO-R),  may  play  a  role  in  the  gender  pr  edilection  seen  in  this  disease.  Using  a  nov  el 
mouse  model  of  PAH  indue  ed  by  N-  acetyl  cysteine  (Palmer  et  al.  J.  Clin  Invest.  2007),  our  data 
reveal  female  mice  have  higher  re  sting  right  ventricular  pressures  and  right  ventricular  weights  than 
males,  but  are  protected  from  the  N-acetyl  cysteine-induced  increases  observed  in  males.  Castration 
eliminated  this  response.  S-nitrosylated  N-acetylated  cysteine  (SNOAC)  levels  present  in  the  serum 
of  N-acetyl  cysteine-treated  anim  als  was  greater  in  the  male  animals,  suggesting  that  differential  S- 
nitrosothiol  metabolism  may  be  responsible  for  thes  e  observations.  Analysis  of  the  activity  and 
expression  of  GSNO-R  demonst  rated:  1 )  GSNO-R  activity  was  greater  in  female  compared  to  the 
male  animals  with  no  changes  in  mRNA  or  protei  n  expression.  2)  Castration  elevated  GSNO-R 
activity  to  levels  seen  in  fema  le  animals.  3)  GSNO-R  is  S-nitrosylated.  Taken  together,  the  data 
suggest  that  changes  in  GSNO-R  activity,  possibly  mediated  by  S-nitrosylation,  may,  in  part, 
contribute  to  the  gender-specific  development  of  PAH  induced  by  the  delivery  of  S-nitrosothiols  to  the 
pulmonary  vasculature. 


S-nitrosylation/denitrosylation  coupling  and  the  Regulation  of  Endothelial  Nitric 
Synthase. 

Palmer  L.  A.,  Brown-Steinke  K,  deRonde  K,  Que  L*,  and  Gaston  B 
University  of  Virginia,  Charlottesville,  Virginia 
*Duke  University,  Durham,  North  Carolina 

The  formation  of  S-nit  rosothiols  requires  nitric  oxide  synthase  (NOS)  activation. 
Endothelial  NOS  (eNOS)  is  the  primary  NOS  found  in  the  endothelium.  S- 
nitrosothiol  catabolism,  in  part,  require  s  the  action  of  S-nit  rosoglutathione 

reductase  (  GSNO-R).  Since  S-nitros  othiol  bioavailability  within  c  ells  is 
determined  by  the  balance  between  S-nitrosothiol  formation  and  catabolism,  we 
examined  the  relationship  between  these  two  proteins  .  Co-immunoprecipitation 
studies  indicate  GSNO-R  associated  with  eNOS  in  murine  pulmonary  endothelial 
cells.  Treatment  with  S-nitrosoglutat  hione  (GSNO),  an  endogenously  produ  ced 
S-nitrosylating  agent,  disrupts  this  interact  ion.  To  determine  if  this  interact  ion 
alters  eNOS  activity,  murine  pulmonary  endothelial  cells  were  transfected  with 
GSNO-R  in  the  absence  or  presence  of  GSNO.  In  the  absence  of  GSNO, 
GSNO-R  overexpression  decreased  the  abundance  of  phosphorylated  eNOS  at 
serine  1177,  a  site  associated  with  eNOS  activation  whereas,  treatment  with 
GSNO  reversed  the  effect.  Lastly,  the  possibility  that  the  i  nteraction  between 
these  proteins  was  r  egulated  by  S-nitrosylation  was  ex  amined  using  the  biotin 
switch  assay.  GSNO-R  was  found  to  be  S-nitrosylated;  S-  nitrosylation  was 
abrogated  by  a  cysteine  to  serine  mutation  at  residue  282.  Interestingly,  eNOS 
S-nitrosylation  was  absent  in  ly  sates  obtained  from  cells  transfected  with  wild 
type  GSNO-R  containing  the  cysteine  to  se  rine  mutation.  Taken  together,  the 
data  suggest  that  the  activities  and  interaction  between  eNOS  and  GSNO-R  are 
mediated  by  S-nitrosylation/denitrosylation  coupling  and  may  function  to  regulate 
S-nitrosothiols  bioavailability  within  the  cells. 


Abstract  6982 

S-nitrosoglutathione  reductase  and  its  role  in  pulmonary  arterial  hypertension. 

Type:  Scientific  Abstract 

„  S)  VASCULAR  BIOLOGY/PULMONARY  CIRCULATION  / 18.19  -  Pulmonary  Hypertension:  Experimental  -  Animal 

Category:  Mode|S  (PC) 

Authors:  k.  Brown-Steinke1 .  K.  deRonde2,  S.  Sullivan1,  S.  Yemen1,  L.A.  Palmer1; 1  Charlottesville,  VA/US,  2Charlottesville/US 


Abstract  Body 

RATIONAL:  Alterations  in  S-nitrosothiol  bioavailability/abundance  have  been  reported  in  human  and  animal  models  of  pulmonary 
arterial  hypertension  (PAH).  Preliminary  data  using  a  novel  mouse  model  of  PAH  which  uses  N-acetyl  cysteine  (NAC)  to  trace  S- 
nitrosothiol  abundance  (Palmer  et  al  J.  Clin  Invest  2007)  demonstrate  female  mice  are  protected  from  NAC  but  not  S-nitrosylated- 
NAC  induced  increases  in  right  ventricular  weight  (RVW)  and  right  ventricular  pressure  (RVP)  observed  in  males.  Moreover,  S- 
nitrosylated-NAC  levels  found  in  the  serum  of  female  mice  were  significantly  less  than  S-nitrosylated  NAC  levels  detected  in  male 
animals.  Differential  S-nitrosothiol  bioavailability  may  be  mediated  by  the  actions  of  S-nitrosoglutathine  reductase  (GSNO-R)  that 
are  gender  discrodant.  METHODS:  To  test  this  possibility,  the  activity  and  expression  of  GSNO-R  was  evaluated  in  male  and 
female  murine  lungs.  RESULTS:  1)  GSNO-R  acivity  was  greater  in  female  compared  to  male  animals.  2)  Male  and  female  mice 
demonstrate  no  differences  in  GSNO-R  protein  expression.  3)  Castration  of  male  animals  elevated  GSNO-R  activity  to  levels  seen 
in  female  animals.  Interestingly,  castrated  animals  were  protected  from  NAC-induced  increases  in  RVW  and  RVP. 
CONCLUSIONS:  Endothelial  nitric  oxide  synthase  expression  is  increased  in  the  female  murine  lung.  We  speculate  that  post- 
translational  modification  (S-nitrosylation)  of  GSNO-R  modulates  GSNO-R  activity  in  female  mice  which  may  protect  against 
nitrosylation  injury.  Jhus  GSNO-R  may  protect  against  high-flow-,  hypoxia-  and  inflammation-  induced  PAH. 


Abstract  6885 

Gender  differences  in  the  ventilatory  responses  to  hyoxia. 

Type:  Scientific  Abstract 

Category:  H)  INTEGRATIVE  PHYSIOLOGY  AND  PATHOLOGY  /  08.05  -  Control  of  Ventilation  (SRN) 
Authors:  S.J.  Lewis,  W.  May,  A.  Young,  S.  Yemen,  L.A.  Palmer;  Charlottesville,  VA/US 


Abstract  Body 

RATIONAL:  Several  studies  have  provided  evidence  that  women  have  a  better  capacity  to  adapt  to  hypoxia  and  are  less 
susceptible  to  hypoxia-associated  syndromes  than  are  men.  At  present,  there  is  little  information  in  mice  as  to  whether  sex 
differences  exist  with  respect  to  the  ventialtory  responses  that  occur  during  exposure  to  hypoxia,  including  the  gradual  decline 
refurred  to  as  "roll-off',  and  the  enhanced  responses  associated  with  re-exposure  to  room  air,  known  as  "facilitation".  METHOD: 
We  compared  the  ventilatory  effects  of  acute  hypoxia  (15  min;  10%  02  and  90%  N2)  in  age-matched  male  (n=8)  and  female  (n=8) 

C57black  6  (C57BI6)  mice  using  Buxco  plethysmographs.  RESULTS:  Resting  Minute  Volumes  (MV)  were  similar  in  male  and 
female  mice  (58  +  6  versus  51+5  mls/min,  P<0.05).  Upon  exposure  to  hypoxia,  MV  reached  similar  peak  values  in  male  and 
female  mice  (112  +  9  versus  100  +  7  mls/min,  P>  0.05).  However,  MV  declined  to  baseline  values  (roll  off)  more  rapidly  in  females 
than  in  males  (Total  response  ares  in  females  and  males  of  180  +  22  versus  382  +  29  mls/min  per  15  min,  P<  0.05).  Upon  re¬ 
exposure  to  room  air,  MV  rose  to  peak  values  of  129  +  10  mls/min  in  males  (facilitation)  wheres  it  only  rose  to  69  +  8  mls/min  in 
females  (P<0.05).  Total  response  areas  in  males  and  females  were  521  +  63  versus  37  +  8  mls/min  per  15  min,  P<0.05). 
CONCLUSION:  These  data  clearly  demonstrate  gender  differences  in  male  and  female  mice  with  respect  to  the  ventilatory 
responses  during  and  after  exposure  to  a  brief  hypoxia. 


Therapeutic  ultrasound  decreases  mean  right  ventricular  pressure  in  hypoxic  mice 
Yemen  S,  Marozkina  NV,  Palmer  LA,  Gaston  B 

Ultrasound  delivered  at  the  high  frequency  (-880  kHz)  and  power  settings  used  for 
physical  therapy  converts  reduced  thiols  to  S-nitrosothiols  (Stepuro  II,  et  al.,  Biochem- 
Russia.  65:1385,  2000),  which  relax  vascular  smooth  muscle.  We  measured  acute 
changes  in  right  ventricular  pressure  (RVP;  Millar  transducer;  right  internal  jugular) 
percutaneously  in  mice  exposed  to  10%  isocapneic  hypoxia  before  and  after  systemic 
exposure  to  therapeutic  ultrasound  (TUS)  (Koalaty  US  1000)  providing  1  MHz  frequency 
and  maximum  intensity  1.5  W/cm2.  4  mice  (4  male)  were  studied  9  times.  10%  oxygen 
increased  mean  RVP  from  8.05  +/-  0.88  to  11.97  +/-  0.50  mm  Hg  pressure  (p  <  .002). 
TUS  decreased  mean  RVP  to  8.52  +/-  1.05  mm  Hg  (p  <  .009  compared  to  hypoxia) 
within  5-10  seconds  of  exposure.  TUS  directly  on  the  skin  created  large  signal  artifacts: 
an  air  interface  was  always  maintained.  The  greater  the  distance  from  the  skin,  the 
greater  the  distance  in  pressure.  The  effect  on  diastolic  (central  venous)  pressures)  was 
greater  than  the  effect  on  systolic  pressures.  These  observations  suggest  that  TUS- 
induced  S-nitrosothiol  might  be  of  benefit  in  the  setting  of  acute  pulmonary  arterial 
hypertension. 


eNOS  S-Nitrosylation  and  Erectile  Function 


Parviz  K.  Kavoussi1,  Joseph  H.  Ellen1,  Janine  L.  Oliver1,  Robin  I.  Woodson1, 
Raymond  A.  Costabile1,  William  D.  Steers1,  Lisa  A.  Palmer2  &  Jeffrey  J.  Lysiak1 
Departments  of  Urology  and  Pediatrics,  University  of  Virginia 
Charlottesville  VA 

Introduction  and  Objective 

Endothelial  nitric  oxide  synthase  (eNOS)  plays  a  pivotal  role  in  maintenance  of 
penile  tumescence.  The  objective  of  the  current  study  is  to  determine  if  S- 
nitrosylation  is  a  key  post-translational  modification  of  eNOS  regulating  its  activity 
in  the  corporal  endothelium.  S-nitrosylated  eNOS  is  non-functional  and  does  not 
produce  NO.  Denitrosylation  is  controlled,  in  part,  by  S-nitrosoglutathione 
reductase  (GSNO-R).  Net  NO  bioavailability,  and  thus  erectile  function  may  be 
controlled  by  an  S-nitrosylation/denitrosylation  regulatory  loop  and  imbalances 
may  lead  to  ED. 

Methods 

Biotin-switch  assays  to  identify  S-nitrosylated  eNOS  (sno-eNOS)  were  performed 
on  murine  penile  homogenates  harvested  in  the  non-erecte  state  and  during 
cavernous  nerve  electrical  stimulation  (CNES)-induced  tumescence.  Penile 
homogenates  from  GSNO-R7',  GSNO-R+/',  and  littermate  controls  were  also 
assayed  for  sno-eNOS.  Intracavernous  pressures  (ICP)  and  duration  of 
tumescence  during  ONES  were  evaluated  in  GSNO-R7',  GSNO-R+/',  and  wild 
type  mice.  GSNO-R  and  eNOS  were  localized  in  the  murine  and  human  penis  by 
immunohistochemistry,  immunofluorescence,  and  western  blot.  Western  blot 
analyses  were  performed  on  erectile  response  pathway  proteins  in  GSNO-R  null 
mice. 

Results 

An  increase  in  sno-eNOS  was  detected  in  the  murine  penis  over  the  time  course 
of  the  erectile  response.  eNOS  and  GSNO-R  co-localize  to  the  endothelium  in 
both  the  murine  and  human  corpus  cavernosum.  Both  GSNO-R7'  and  GSNO- 
R+/'  mice  mice  cannot  maintain  erections.  Erectile  response  pathway  proteins  are 
normal  in  GSNO-R  deficient  animals. 

Conclusions 

Previous  studies  have  shown  that  eNOS  activity  is  associated  with  sno-eNOS 
and  that  sno-eNOS  is  inactive  s  uggesting  a  regulator  y  loop.  We  now 
demonstrate  for  the  first  time  that  eN  OS  is  S-nitrosylated  during  tim  e  of 
tumescence  in  the  murine  penis.  We  also  demonstrate  tha  t  GSNO-R,  an 
enzyme  responsible  for  the  denitrosylation  of  eNOS,  is  co-localize  with  eNOS  to 
the  endothelium  of  the  corpus  c  avernosum.  ICP  measurements  during  ONES 
demonstrate  that  both  GSNO-R  7"  and  GSNOR+/'  mice  can  initiate,  but  cannot 
maintain  tumescence  similar  to  the  response  demonstrated  by  eNOS  deficient 
mice.  GSNO-R+/-  mice  have  reduced  lev  els  of  GSNO-R;  thus,  some  minimal 
amount  of  GSNO-R  protein/activity  must  exist  in  the  corporal  endothelial  cells  for 
normal  tumescence.  Taken  together  these  results  suggest  that  S-nitrosylation  is 
an  important  mechanism  of  eNOS  activi  ty  during  tumescence  and  GSNO-R  has 
an  important  regulatory  role  in  eNOS  activation/inactivation  necessary  for  normal 
tumescence/detumescence. 


Ventilatory  responses  during  and  following  exposure  to  hypoxia  in  conscious  mice  deficient 
or  null  in  S-nitrosoglutathione  reductase 

L.A.  Palmer1,  W.J.  May1’2,  K.  deRonde1,  A.P.  Young1’2,  B.  Gaston1’2,  S.J.  Lewis1’2. 
’Pediatric  Respiratory  Medicine,  University  of  Virginia  School  of  Medicine,  Charlottesville,  VA. 
“Division  of  Biology,  Galleon  Pharmaceuticals,  Horsham,  PA. 

Rationale:  Exposure  to  hypoxia  elicits  an  increase  in  Minute  Ventilation  (MV)  that 
diminishes  with  continued  exposure  (roll-off).  Abrupt  termination  of  the  hypoxic  challenge  is 
associated  with  an  increase  in  MV  (short-term  facilitation  -  STF).  S-nitrosothiols  (SNOs) 
including  S-nitrosoglutathione  (GSNO)  formed  during  hypoxia  contribute  to  increased 
ventilatory  drive.  The  NADH-dependent  enzyme  GSNO  reductase  (GSNOR)  plays  a  key  role  in 
detennining  SNO  homeostasis.  Since  hypoxia  increases  intracellular  NADH  levels,  we  postulate 
that  ventilatory  roll-off  during  hypoxia  may  involve  a  progressive  NADH-dependent  increase  in 
GSNOR  activity. 

Methods:  Female  C57B16  (n=12,  strain-matched  controls),  GSNOR+/-  (n=9)  and 
GSNOR-/-  (n=17)  mice  were  placed  in  whole-body  plethysmography  chambers  to  record 
ventilatory  parameters.  After  allowing  the  mice  to  acclimatize,  ventilatory  parameters  were 
recorded  before  and  during  exposure  to  a  hypoxic  challenge  (10%  O2,  90%  N2)  for  15  min  and 
for  1 5  min  following  reintroduction  of  room  air. 

Results:  In  C57B16  mice,  exposure  to  hypoxia  elicited  initial  increases  Minute  Volume 
(via  increases  in  Frequency  and  Tidal  Volume)  and  in  Peak  Inspiratory  and  Expiratory  Flows. 
These  responses  were  subject  to  substantial  roll-off.  In  GSNOR+/-  and  GSNOR-/-  mice, 
exposure  to  hypoxia  elicited  similar  initial  increases  in  ventilatory  parameters  as  observed  in  the 
C57B16  mice.  In  contrast,  the  ventilatory  responses  in  GSNOR+/-  and  GSNOR-/-  mice  did  not 
display  roll-off.  Upon  reintroduction  to  room  air,  the  C57B16  mice  displayed  STF  of 
approximately  5  min  in  duration  in  all  ventilatory  parameters.  This  STF  was  markedly 
exaggerated  in  the  GSNOR+/-  and  GSNOR-/-  mice. 

Conclusions:  The  absence  of  roll-off  in  GSNO-/-  mice  suggests  that  an  increase  in 
GSNOR  activity  during  exposure  to  hypoxia  plays  a  vital  role  in  this  phenomenon  in  C57B16. 
Specifically,  the  ventilatory  stimulatory  actions  of  GSNO  fonned  during  hypoxia  are  overcome 
by  a  NADH-dependent  increase  in  GSNOR.  The  exaggerated  expression  of  STF  in  GSNOR-/- 
mice  suggests  that  GSNOR  activity  plays  a  vital  role  in  mediating  post-hypoxic  ventilatory 
events.  Specifically,  STF  in  C57B16  mice  may  occur  because  reintroduction  of  room  air  inhibits 
GSNOR  activity  more  rapidly  than  GSNO  formation  allowing  residual  GSNO  to  drive  MV.  The 
exaggerated  STF  in  GSNOR-/-  mice  be  due  to  enhanced  levels  of  GSNO  at  the  point  of 
reintroduction  of  room  air  and  the  absence  of  GSNOR  activity,  thereby  requiring  other  (less 
effective)  mechanisms  for  SNO  degradation  to  remove  the  SNOs.  The  finding  that  GSNOR+/- 
mice  behave  similarly  to  GSNOR-/-  mice  with  respect  to  roll-off  and  STF  suggests  that  one  gene 
provides  inadequate  levels  of  GSNOR  to  overcome  GSNO  formation. 


Hemoglobin  P-93  cysteine  signals  increased  pulmonary  endothelial  NOS  expression 
in  hypoxia. 

Sripriya  Sundararajan*,  Lisa  Palmer,  Benjamin  Gaston,  Department  of  Pediatrics, 
Divisions  of  Respiratory  Medicine  and  Neonatology*,  University  of  Virginia  Health 
System,  Charlottesville,  Virginia 

Rationale:  Red  blood  cells  (RBCs)  signal  oxyhemoglobin  (oxyHb)  desaturation  through 
transnitrosation  -  transfer  of  nitrosonium  (NO+)  from  one  thiol  to  another  -  during  the  Hb 
transition  from  R  state  to  T  state.  Specifically,  the  Hb  P  chain  93  cysteine  (PC93)  thiolate 
is  modified  by  NO+  in  R  state,  but  this  S-NO  bond  is  exposed  transnitrosation  to  other 
RBC  thiols  in  T  state.  Endothelial  nitric  oxide  synthase  (eNOS)  affects  pulmonary 
vascular  tone  and  remodeling.  Expression  of  specificity  proteins  (Sp's),  transcriptional 
regulators  of  eNOS,  is  modified  by  transnitrosation  signaling  (Biochem  J  2004;380:67). 
Therefore,  we  studied  whether  eNOS  can  be  upregulated  by  RBC  OxyHb  desaturation 
through  an  effect  of  Hb  PC93  on  Sp  expression. 

Methods:  Wild  type  C57B16  mice  (wt)  and  those  expressing  either  human  Hb  a  and  P 
genes  (human  knock-in,  HKI)  or  human  a  and  a  human  P-93  mutant  knock-out  (H 
PC93KO)  expressing  a  cysteine  (C)  to  alanine  (A)  mutation  (C-A)  (kindly  provided  by 
Dr.  T.  Townes)  were  each  treated  (3  wk)  with  52  mM  N-acetyl  cysteine  (NAC),  1  mM  S- 
nitroso-N-acetyl  cysteine  (SNOAC)  or  10%  oxygen  as  reported  (JCI  2007 ;  1 17:2592); 
controls  were  in  normoxia.  Lungs  underwent  immunoblot  (IB)  for  eNOS,  Spl  and  Sp3. 
Three  mice  were  studied  in  each  genotype  for  each  of  the  four  conditions  (36  mice  total). 
Results:  Hypoxia  increased  eNOS  expression  in  HKI,  but  not  HPC93KO  mice;  and 
increased  S-nitrosylation  (SNOAC)  and  NO  transfer  (NAC)  increased  eNOS  expression 
in  wt,  but  not  HPC93KO  mice.  Overall  eNOS  expression  varied  linearly  with  Sp3 
expression  (r2  =  0.71;  n  =  24),  but  was  unrelated  to  Spl  expression.  Of  note,  the  HKI 
were  like  wt  mice  except  that  they  tended  to  have  an  exaggerated  increase  in  hypoxic 
eNOS  expression. 

Conclusions:  OxyHb  desaturation  signals  through  the  Hb  P-93  cysteine  to  increase 
pulmonary  eNOS  expression.  This  effect  is  recapitulated  by  S-nitrosothiol  loading 
(SNOAC)  and  transport  (NAC);  and  increased  Sp3  expression  -  which  can  be  regulated 
by  S-nitrosylation  signaling  -  appears  to  be  a  critical  intennediate.  Therefore,  it  is  likely 
that  the  S-nitroso  Hb  P-93  cysteine  signals  through  transnitrosation  signaling  during  Hb 
R  to  T  transition.  This  mechanism  makes  sense:  gene  regulation  changes  more  in 
response  to  decreased  O2  content  than  to  decreased  pO?. 
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THERAPEUTIC  APPLICATIONS  OF  THE  EFFECTS  OF  ANDROGENS  ON  S- 
NITROSOTHIOL  METABOLISM  IN  PULMONARY  DISEASE 

STATEMENT  REGARDING  FEDERALLY  SPONSORED  RESEARCH  OR 
5  DEVELOPMENT 

This  invention  was  made  in  part  with  United  States  Government  support  under 
grants  awarded  by  the  National  Institutes  of  Health  and  the  Department  of  Defense 
(Army).  The  United  States  Government  has  certain  rights  in  the  invention. 

10  BACKGROUND 

Marked  gender  discordance  has  been  observed  for  decades  in  the  incidence, 
morbidity  and  mortality  associated  with  human  pulmonary  diseases.  For  example, 
among  children,  asthma  is  more  common  in  boys;  however,  in  adults,  nearly  2/3  of 
patients  with  asthma  are  women.  In  the  case  of  cystic  fibrosis,  overall  mortality  among 

15  women  is  nearly  1-2  years  earlier  than  that  of  men,  suggesting  that  female  gender  is  a 
risk  factor  for  more  severe  disease.  In  the  case  of  pulmonary  arterial  hypertension  of 
most  causes,  women  are  overall  more  susceptible  than  men.  The  cause  of  this  gender 
discordance  is  not  well  understood. 

20  SUMMARY  OF  THE  INVENTION 

The  present  application  provides  novel  data  regarding  a  previously  unrecognized 
mechanism  by  which  there  is  gender  discordance  in  lung  disease — specifically,  androgen- 
induced  inhibition  of  S-nitrosoglutathione  reductase  in  vivo.  More  specifically,  the  present 
application  discloses  that  androgens  have  a  specific  effect  to  inhibit  S-nitrosothiol 

25  breakdown  in  the  lung;  this  effect  can  counterbalance  estrogen-induced  excess  S- 

nitrosothiol  production  by  endothelial  nitric  oxide  synthase  and  appears  to  be  protective 
against  asthma  and  cystic  fibrosis.  This  novel  finding  introduces  a  novel  set  of  therapies  for 
asthma,  cystic  fibrosis  and  pulmonary  arterial  hypertension  involving  nebulation  of  S- 
nitrosothiol  signaling  with  the  use  of  androgen  inhibitors. 

30  There  is  a  balance  between  cellular  S-nitrosothiol  breakdown  that  is  co¬ 

regulated  by  androgens  and  estrogens  and  appears  to  be  disordered  in  many  patients — 
particularly  women — with  pulmonary  arterial  hypertension.  The  present  invention 
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encompasses  the  use  of  specific  agonists  and  androgen  mimetic  effects — given  by 
inhalation  and/or  systemically — for  the  treatment  of  asthma,  cystic  fibrosis,  pulmonary 
arterial  hypertension  and  related  lung  diseases. 

The  activity  of  the  enzyme,  S-nitrosoglutathione  (GSNO)  reductase,  is  inhibited 
5  in  lung  homogenates  of  male  mice  relative  to  female  mice.  Castration  of  the  mice 

results  in  an  increase  in  activity;  and  administration  of  dihydrotestosterone  a  decrease  in 
the  activity.  These  are  activity  effects  more  than  effects  on  protein  expression. 

GSNO  reductase  activity  regulates  cellular  levels  of  S-nitrosoglutathione. 

GSNO,  in  turn,  is  responsible  for  airway  and  vascular  smooth  muscle  relaxation,  as  well 
10  as  increased  expression,  maturation  and  function  of  mutant  and  wild-type  cystic  fibrosis 
transmembrane  regulatory  proteins.  An  increase  in  S-nitrosoglutathione  therefore 
reverses  the  adverse  effects  of  many  CF-associated  mutations,  improves  airway 
hydration  and  relaxes  pulmonary  vascular  smooth  muscle.  Therefore,  the  effect  of 
androgens,  dihydrotestosterone,  that  we  observed  to  inhibit  GSNO  reductase  activity 
15  will  increase  GSNO  levels  in  the  lung,  and  will  provide  a  novel  treatment  option  for 
asthma,  cystic  fibrosis  and  key  pulmonary  arterial  hypertension. 

However,  chronic,  long-tenn,  unregulated  exposure  to  high  levels  of  S- 
nitrosothiols  can  result  in  upregulation  of  genes  that  cause  pulmonary  remodeling.  This 
is  particularly  true  in  the  case  of  pulmonary  arterial  hypertension.  There  is  a  balance 
20  between  S-nitrosothiol  production  by  endothelial  nitric  oxide  synthase  and  S- 

nitrosothiol  breakdown  by  S-nitrosoglutathione  reductase.  In  women,  it  is  known  that 
there  is  increased  endothelial  nitric  oxide  synthase  expression  in  the  lung.  The  same 
has  been  observed  in  female  mice.  This  increased  expression  is  balanced  by  lack  of 
inhibition  of  GSNO  reductase  (lack  of  androgen).  Our  data  suggest  that  when  there  is 
25  inadequate  compensation  for  increased  eNOS  expression  by  decreased  (androgen 

depletion-induced)  GSNO-R  activity,  pulmonary  vascular  remodeling  and  pulmonary 
arterial  hypertension  will  result.  In  this  case,  inhibition  of  androgen  signaling  in  the 
lungs  of  female  patients  with  progressive  pulmonary  arterial  hypertension  can  be  a 
treatment  that  will  prevent  upregulation  of  GSNO-associated  remodeling  genes, 

30  preventing  the  progression  of  pulmonary  arterial  hypertension  in  women. 
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In  one  embodiment,  the  present  invention  encompasses  the  use  of  androgens, 
either  by  inhalation  or  systemically,  to  treat  diseases  and  disorders,  including,  but  not 
limited  to,  asthma,  cystic  fibrosis,  or  related  diseases  and  acute  pulmonary  arterial 
hypertension. 

5  In  another  embodiment,  the  present  invention  encompasses  the  use  of  androgen 

receptor  antagonists  to  treat  diseases  and  disorders,  including,  but  not  limited  to, 
progressive  pulmonary  arterial  hypertension  caused  by  excessive  eNOS 
activity/estrogen,  high  flow  states,  chronic  inflammation  or  chronic  hypoxemia. 

In  one  aspect,  the  dose  and  type  of  therapy  can  be  titrated  by  measuring 
10  circulating  or  pulmonary  GSNO  reductase  activity.  That  is,  if  increased  S- 

nitrosoglutathione  reductase  activity  is  needed  (for  example,  for  chronic  pulmonary 
arterial  hypertension,  using  androgen  depletion  or  inhibition),  the  dose  of  androgen 
inhibitor  can  be  adjusted  based  on  circulating  GSNO  reductase  activity  or  GSNO 
reductase  activity  in  a  transbronchial  biopsy;  similarly,  if  decreased  GSNO  reductase  is 
15  needed  (for  asthma,  cystic  fibrosis,  acute  pulmonary  arterial  hypertension  or  related 
diseases  of  GSNO  deficiency),  the  GSNO  level  in  the  airway,  and/or  the  GSNO 
reductase  activity  in  circulation  or  in  the  lung  can  be  used  to  titrate  the  dose  of  androgen 
given. 

Various  aspects  and  embodiments  of  the  invention  are  described  in  further  detail 

20  below. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1,  comprising  left  and  right  panels,  graphically  depicts  the  gender 
differences  in  response  to  NAC  indicators  of  PH.  Treatments-  Normoxia/untreated; 

25  NAC;  and  Hypoxia.  The  left  panel  indicates  RV  weight  and  the  right  RV  pressure. 

Figure  2,  comprising  left  and  right  panels,  graphically  demonstrates  that 
castration  eliminates  NAC-induced  PAH.  The  left  panel  indicates  RV  weight  and  the 
right  RV  pressure.  Treatments-  Gonad  intact;  Castrated. 

Figure  3  graphically  depicts  that  castration  increases  GSNO-R  activity.  The 
30  ordinate  indicates  [GSNO]  remaining  pM,  and  the  abscissa  GSNO-R  activity. 

Figure  4  is  a  schematic  representation  of  an  NAC  model. 
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Figure  5  is  a  schematic  representation  of  regulatory  pathways  involved  in 
pulmonary  hypertension  and  possible  mechanisms  for  regulating  the  pathways. 

Figure  6  is  a  schematic  representation  of  the  possible  role  of  S-nitrosothiols  and 
pulmonary  hypertension. 

5  Figure  7  is  a  schematic  representation  of  the  possible  role  Gender  and  S- 

nitrosothiols  and  pulmonary  hypertension. 

DETAILED  DESCRIPTION 
Definitions 

10  In  describing  and  claiming  the  invention,  the  following  terminology  will  be  used 

in  accordance  with  the  definitions  set  forth  below. 

The  articles  “a”  and  “an”  are  used  herein  to  refer  to  one  or  to  more  than  one  (i.e., 
to  at  least  one)  of  the  grammatical  object  of  the  article.  By  way  of  example,  “an 
element”  means  one  element  or  more  than  one  element. 

15  The  term  "about,”  as  used  herein,  means  approximately,  in  the  region  of, 

roughly,  or  around.  When  the  term  "about"  is  used  in  conjunction  with  a  numerical 
range,  it  modifies  that  range  by  extending  the  boundaries  above  and  below  the 
numerical  values  set  forth.  For  example,  in  one  aspect,  the  term  "about"  is  used  herein 
to  modify  a  numerical  value  above  and  below  the  stated  value  by  a  variance  of  20%. 

20  Marked  gender  discordance  has  been  observed  for  decades  in  the  incidence, 

morbidity  and  mortality  associated  with  human  pulmonary  diseases.  For  example, 
among  children,  asthma  is  more  common  in  boys;  however,  in  adults,  nearly  2/3  of 
patients  with  asthma  are  women.  In  the  case  of  cystic  fibrosis,  overall  mortality  among 
women  is  nearly  1-2  years  earlier  than  that  of  men,  suggesting  that  female  gender  is  a 
25  risk  factor  for  more  severe  disease.  In  the  case  of  pulmonary  arterial  hypertension  of 
most  causes,  women  are  overall  more  susceptible  than  men.  The  cause  of  this  gender 
discordance  is  not  well  understood.  The  present  invention  discloses  that  androgens 
have  a  specific  effect  to  inhibit  S-nitrosothiol  breakdown  in  the  lung;  this  effect  can 
counterbalance  estrogen-induced  excess  S-nitrosothiol  production  by  endothelial  nitric 
30  oxide  synthase  and  appears  to  be  protective  against  asthma  and  cystic  fibrosis.  There  is 
a  balance  between  cellular  S-nitrosothiol  breakdown  that  is  co-regulated  by  androgens 
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and  estrogens  and  appears  to  be  disordered  in  many  patients — particularly  women — 
with  pulmonary  arterial  hypertension.  The  present  invention  encompasses  the  use  of 
specific  agonists  and  androgen  mimetic  effects — given  by  inhalation  and/or 
systemically — for  the  treatment  of  asthma,  cystic  fibrosis,  pulmonary  arterial 
5  hypertension,  and  related  lung  diseases. 

The  activity  of  the  enzyme,  S-nitrosoglutathione  (GSNO)  reductase,  is  inhibited 
in  lung  homogenates  of  male  mice  relative  to  female  mice.  Castration  of  the  mice 
results  in  an  increase  in  activity;  and  administration  of  dihydrotestosterone  a  decrease  in 
the  activity.  These  are  activity  effects  more  than  effects  on  protein  expression. 

10  GSNO  reductase  activity  regulates  cellular  levels  of  S-nitrosoglutathione. 

GSNO,  in  turn,  is  responsible  for  airway  and  vascular  smooth  muscle  relaxation,  as  well 
as  increased  expression,  maturation  and  function  of  mutant  and  wild-type  cystic  fibrosis 
transmembrane  regulatory  proteins.  An  increase  in  S-nitrosoglutathione  therefore 
reverses  the  adverse  effects  of  many  CF-associated  mutations,  improves  airway 
15  hydration  and  relaxes  pulmonary  vascular  smooth  muscle.  Therefore,  the  effect  of 
androgens,  dihydrotestosterone,  that  we  observed  to  inhibit  GSNO  reductase  activity 
will  increase  GSNO  levels  in  the  lung,  and  will  provide  a  novel  treatment  option  for 
asthma,  cystic  fibrosis  and  key  pulmonary  arterial  hypertension. 

However,  chronic,  long-tenn,  unregulated  exposure  to  high  levels  of  S- 
20  nitrosothiols  can  result  in  upregulation  of  genes  that  cause  pulmonary  remodeling.  This 
is  particularly  true  in  the  case  of  pulmonary  arterial  hypertension.  There  is  a  balance 
between  S-nitrosothiol  production  by  endothelial  nitric  oxide  synthase  and  S- 
nitrosothiol  breakdown  by  S-nitrosoglutathione  reductase.  In  women,  it  is  known  that 
there  is  increased  endothelial  nitric  oxide  synthase  expression  in  the  lung.  The  same 
25  has  been  observed  in  female  mice.  This  increased  expression  is  balanced  by  lack  of 
inhibition  of  GSNO  reductase  (lack  of  androgen).  Our  data  suggest  that  when  there  is 
inadequate  compensation  for  increased  eNOS  expression  by  decreased  (androgen 
depletion-induced)  GSNO-R  activity,  pulmonary  vascular  remodeling  and  pulmonary 
arterial  hypertension  will  result.  In  this  case,  inhibition  of  androgen  signaling  in  the 
30  lungs  of  female  patients  with  progressive  pulmonary  arterial  hypertension  can  be  a 
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treatment  that  will  prevent  upregulation  of  GSNO-associated  remodeling  genes, 
preventing  the  progression  of  pulmonary  arterial  hypertension  in  women. 

We  have  observed  that  the  exogenous  S-nitrosothiol,  S-nitroso-N-acetyl- 
cysteine,  enters  pulmonary  vascular  endothelial  cells  and  causes  upregulation  of  genes 
5  associated  with  pulmonary  vascular  remodeling.  Administration  to  mice  in  vitro  and  in 
vivo  causes  these  effects.  Also,  in  male  mice  that  are  eNOS  replete,  the  S-nitroso-N- 
acetyl-cysteine  causes  pulmonary  vascular  remodeling  in  pulmonary  hypertension. 
eNOS  is  necessary  for  this  effect  (through  transnitrosation  reactions  occurring  in 
hemoglobin)  and  that  eNOS  deficient  mice  are  not  susceptible  to  pulmonary  arterial 
10  hypertension  that  is  caused  by  S-nitroso-N-acetyl-cysteine. 

Of  interest,  however,  female  mice  are  not  susceptible  to  pulmonary  arterial 
hypertension  caused  by  S-nitroso-N-acetyl-cysteine,  though  they  have  higher  baseline 
pulmonary  pressures  than  male  mice.  If  the  male  mice  are  castrated,  they  are  also 
protected  from  S-nitroso-N-acetyl-cysteine.  If  female  mice  are  ovariectomized,  they 
15  remain  protected  from  S-nitroso-N-acetyl-cysteine,  suggesting  that  it  is  not  an  increase 
in  estrogen/female  sex  steroids  that  causes  the  protection:  rather,  it  is  lack  of  androgen 
(see  Figures).  Indeed,  we  have  shown  that  androgen  replacement  in  the  castrated  male 
mice  causes  them  to  be  susceptible  to  pulmonary  hypertension. 

Preliminary  data  suggest  that  the  overall  mechanism  is  this  (Figure  5).  Estrogen 
20  increases  eNOS  expression.  eNOS  is  co  localized  with  S-nitrosoglutathione  reductase 
in  pulmonary  cells.  The  absence  of  androgens  counter  balances  the  increased 
nitrosothiol  production  associated  with  increased  eNOS  expression  by  being  permissive 
for  increased  GSNO  reductase  activity.  eNOS  allows  S-nitrosylation  of  circulating 
proteins  such  as  hemoglobin  and  albumin.  These,  through  transnitrosation  reactions, 

25  form  SNOAC.  The  SNOAC  enters  lung  cells  forming  GSNO  because  of  high 

glutathione  levels  in  the  cells.  Over  the  long-term,  there  is  upregulation  of  GSNO- 
regulated  genes  causing  the  vascular  remodeling  associated  with  pulmonary 
hypertension.  Thus,  males,  who  have  androgen-induced  decreased  GSNO  reductase 
activity,  are  susceptible  to  the  long-tenn  gene  regulatory  effects  of  N-acetyl-cysteine 
30  and  S-nitroso-N-acetyl  cysteine  and,  potentially,  other  S-nitrosothiols  to  cause 
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pulmonary  hypertension.  Normal  females  are  protected  by  virtue  of  their  increased  S- 
nitrosoglutathione  reductase  activity. 

The  mechanism  appears  to  be  a  final  pathway  for  pulmonary  arterial 
hypertension.  Chronic  hypoxia  can  cause  excessive  offloading  of  nitrosothiols  into  the 
5  pulmonary  vascular  endothelium,  causing  remodeling  because  of  allosteric  effects  of 
hemoglobin.  Excess  inflammation  can  cause  dumping  of  nitrosothiols  into  the 
pulmonary  vascular  endothelium.  High  flow  states,  in  which  an  increased  number  of 
circulatory  nitrosothiols  go  through  the  pulmonary  vascular  endothelium  in  time,  can 
cause  pulmonary  vascular  remodeling  by  nitrosothiol  dumping.  Women  with  high 
10  eNOS  activity  who  do  not  have  adequate  compensatory  S-nitrosoglutathione  reductase 
activity  are  particularly  at  risk. 

Though  androgens  do  not  increase  GSNO  reductase  expression,  we  have 
recently  observed  that  it  inhibits  GSNO  activity  (Figure  1).  This  inhibition  of  S- 
nitrosoglutathione  reductase  activity  would  be  good  for  asthma  and  cystic  fibrosis 
15  (increasing  GSNO  levels),  it  would  be  good  acutely  for  pulmonary  hypertension, 

leading  to  decreased  pulmonary  vascular  tone  (perhaps  suggesting  why  the  female  mice 
have  higher  pulmonary  artery  pressures  at  baseline).  However,  in  the  long-term,  this 
excess  in  nitrosothiols  upregulates  hypoxia-associated  genes. 

We  have  previously  published  the  work  on  N-acetyl-cysteine  and  S-nitroso-N- 
20  acetyl-cysteine  causing  pulmonary  hypertension  in  male  mice.  However,  the 

observation  that  female  mice  are  protected,  and  the  mechanistic  information  regarding 
androgens  (castration,  androgen  replacement,  ovariectomy)  is  novel  and  forms  the  basis 
of  the  invention. 

BIBLIOGRAPHY 

25  1 .  Palmer  L,  Doctor  A,  Chhabra  P,  Sheram  ML,  Laubach  V,  Karlinsey  MZ, 

Forbes  M,  Macdonald  T,  Gaston  B.  S-Nitrosothiols  signal  hypoxia-mimetic  vascular 
pathology.  J  Clin  Invest,  2007;  1 17:2592-260 1. 

2.  U.S.  Patent:  “Inhibiting  GSNO  Breakdown” 

The  disclosures  of  each  and  every  patent,  patent  application,  and  publication 
30  cited  herein  are  hereby  incorporated  by  reference  herein  in  their  entirety. 


7 


Attorney  Docket  No.  01541-01 


Headings  are  included  herein  for  reference  and  to  aid  in  locating  certain 
sections.  These  headings  are  not  intended  to  limit  the  scope  of  the  concepts  described 
therein  under,  and  these  concepts  may  have  applicability  in  other  sections  throughout 
the  entire  specification. 

5  While  this  invention  has  been  disclosed  with  reference  to  specific  embodiments, 

it  is  apparent  that  other  embodiments  and  variations  of  this  invention  may  be  devised  by 
others  skilled  in  the  art  without  departing  from  the  true  spirit  and  scope  of  the  invention. 
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ABSTRACT 

There  is  a  gender  discordance  in  many  human  lung  diseases,  including  asthma, 
cystic  fibrosis,  and  pulmonary  arterial  hypertension.  This  discordance  affects 
incidence,  morbidity  and  mortality.  We  have  discovered  a  novel  pathway  by  which 
5  androgens  can  be  both  beneficial  and  can  have  adverse  effects  in  these  lung  diseases. 

This  is  a  completely  novel  mechanism  involving  S-nitrosothiol  metabolism  in  the  lung. 
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Gender  Differences  in  response  to  NAC 
Indicators  of  PH 
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Castration  increases  GSNO-R  activity 
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NAC  Model: 


1 .  Castration: 

-  eliminates  development  of  PH  with  NAC 

•  right  ventricular  pressure 

•  right  ventricular  weight 

-  increases  GSNO-R- Activity 

2.  Ovariectomy: 

-  No  effects  (data  not  shown) 


3.  GSNO-R  is  regulated  bv  androgens. 
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S-nitrosothiols  and  Pulmonary 
Hypertension 

Mismatch  between  SNO  production  and 
SNO  degradation  can  cause  pulmonary  hypertension 

•  Inappropriate  activation  of 
transcription  factors  involved  in  PH 
(HIF-1 ,  SP-3) 

•  Inappropriate  vasoconstriction 


FIG.  6 
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Gender  and  S-nitrosothiols 

SNO  Bioavailability  may  be  responsible, 
in  part,  for  gender  disparities. 

*  Estrogen  known  to  regulate  eNOS 

*  Androgens  downregulate  GSNO-R  activity 

*  NAC  model - ►  males  develop  PH 


FIG.  7 
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